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ABSTRACT 
 
The thermomechanical properties of various coating materials produced by plasma 
spraying (PS) and electron-beam physical vapor deposition (EB-PVD) were studied to 
gain a better understandings of the thermoelastic behavior and the residual stress situation 
of thermal barrier coatings (TBCs) in gas turbine applications. 
Previous attempts to measure such properties using specimens of separated thicker 
coatings or bulk material of the same composition are frequently undermined by the fact 
that microstructure is substantially different. In the case of bond coat also changes due to 
interfacial inter-diffusion are not recognized when testing separated material. A technique 
based on curvature measurements of coatings in composite geometry with successively 
increased number of layers was applied to determine the thermoelastic properties and 
stresses in thin multilayer thermal barrier coating systems. From curvature analysis the 
processing influenced elastic behavior and the coefficient of thermal expansion of the 
individual layers was derived as a function of temperature. Also the distribution of 
residual stresses in each layer is obtained. 
The curvature technique was used in combination with depth sensing bending 
tests, X-ray diffraction analysis and SEM microscopy to evaluate the properties of a 
variety of coating systems. The thermal barrier systems studied in the present work 
comprise Ni-based superalloy – substrate, NiCoCrAlY - bond coat and ZrO2+8wt.%Y2O3 – 
top coat. They were tested directly after the deposition process and after thermal cycling. 
The influence of several main factors contributing to the over-all thermoelastic behavior 
were considered: the thickness ratio between the layers, the level of RT - stress due to 
cooling from deposition temperature, the development of thermal mismatch between 
coating and metallic substrate during thermal cycling up to 1000oC. Determination 
routines for the properties are evaluated and the distribution of residuals stresses in each 
layer is elaborated yielding a better understanding of the high temperature behavior of 
thermal barrier coating systems. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
KURZFASSUNG 
 
Die thermomechanischen Eigenschaften von Beschichtungen, welche über 
Plasmaspritzen (PS) und Elektronenstrahl initiierte physikalische Abscheidung aus der 
Dampfphase (EB-PVD) hergestellt worden waren, wurden untersucht, um ein besseres 
Verständnis des thermoelastischen Verhaltens und der Eigenschaften von 
Wärmedämmschichtsystemen (TBCs) in Gasturbinen zu entwickeln. 
Vorausgegangene Arbeiten, in denen solche Eigenschaften mit Proben von 
separierten dicken Schichten oder Massivmaterial der gleichen Zusammensetzung 
gemessen werden, werden häufig in ihrer Aussagefähigkeit durch eine substantiell andere 
Mikrostruktur abgeschwächt. Im Fall der Haftvermittlerschicht werden in solchen Tests 
auch Veränderungen, die durch Interdiffusion an den Grenzflächen auftreten, nicht 
erkannt. Eine Versuchstechnik, die auf Krümmungsmessungen von Schichten in 
Verbundgeometrie beruht, wurde eingesetzt, um die thermoelastischen Eigenschaften und 
Spannungen in den dünnen Schichten von viellagigen Wärmedämmschichtsystemen zu 
bestimmen. Aus der Krümmungsanalyse wurden das von der Beschichtung abhängige 
elastische Verhalten sowie der Wärmeausdehnungskoeffizient der einzelnen Schichten als 
Funktion der Temperatur hergeleitet. Ebenso ergab sich daraus die Verteilung der 
Eigenspannung in jeder Schicht. Die Krümmungsmethode wurde in Kombination mit 
Biegetests, Röntgenanalyse (XRD) und Rasterelektronenmikroskopie eingesetzt, um die 
Eigenschaften verschiedener Beschichtungssysteme zu ermitteln. Die 
Wärmedämmschichtsysteme, die in der vorliegenden Arbeit untersucht wurden, bestanden 
aus Ni-Basis Superlegierung als Substrat, NiCoCrAlY als Haftvermittlerschicht und 
ZrO2+8wt%Y2O3 als Wärmedämmschicht. Die Schichtsysteme wurden nach der 
Herstellung sowie nach thermischer Zyklierung getestet. Der Einfluss mehrerer     
Hauptfaktoren, die zum thermoelastischen Verhalten beitragen, wurde berücksichtigt; 
darunter das Dickenverhältnis zwischen den Schichten, die Eigenspannung bei 
Raumtemperatur auf Grund der Abkühlung von der Beschichtungstemperatur und die 
Entwicklung thermischer Fehlpassung zwischen den Schichten und dem metallischen 
Substrat während thermischer Zyklierung bis 1000°C. Auswertungsroutinen für die 
Eigenschaften werden entwickelt und die Verteilung der Eigenspannungen in jeder 
Schicht ausgearbeitet, um ein besseres Verständnis des Hochtemperaturverhaltens von 
Wärmedämmschichtsystemen zu erhalten.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 9
CONTENTS 
LIST of FIGURES.....................................................................................................13 
LIST of TABLES.......................................................................................................21 
I. INTRODUCTION AND GOAL OF THE WORK.............................................23 
I.1. Organization of the Thesis ..............................................................................27 
II. ACHIEVEMENTS IN PROCESSING AND APPLICATION OF  
THERMAL BARRIER COATINGS ..................................................................29 
II.1. Manufacturing of Thermal Barrier Coatings....................................................29 
II.1.1. Plasma spraying process .......................................................................31 
II.1.2. Electron-beam physical vapor deposition..............................................33 
II.2. Selection of Ni-based Superalloy for Substrate ...............................................36 
II.3. Oxidation-Resistant Coatings..........................................................................41 
II.4. Ceramic Thermal Barrier Coatings..................................................................46 
III. EXPERIMENTS..................................................................................................53 
III.1. Specification of Tested Specimens and Materials .........................................53 
III.1.1. Specimen characteristics.......................................................................53 
III.1.2. Thermomechanical properties of Ni-based superalloys .........................55 
III.1.3. Experimental details of specimen preparation by  
Electron-Beam Physical Vapor Deposition process (DLR, Cologne) .....59 
III.1.4. Fabrication of NiCoCrAlY and YSZ coatings by Vacuum and  
Atmospheric Plasma Spraying technique (FZ-Juelich) ..........................60 
III.2. Experimental Procedures of Measuring the Mechanical  
Properties for Coating Components.................................................................62 
III.3. Experimental Set-up and Testing Procedures................................................66 
III.3.1. Specimen preparation ...........................................................................66 
III.3.2. In situ measurements of multilayer curvature........................................66 
III.3.3. Determination of elastic behavior from four point bending test.............68 
III.3.4. X-Ray Diffraction (XRD).....................................................................69 
III.3.5. Scanning Electron Microscopy (SEM)..................................................70 
 10
III.3.6. Quantitative determination of phase composition from SEM images ....70 
IV. THEORETICAL ASPECTS ...............................................................................73 
IV.1. Isothermal Mechanical Bending (planar geometry) ......................................73 
IV.2. Modeling of the Thermoelastic Curvature of a Multilayer  
Coating System...............................................................................................74 
IV.3. Thermoelastic Properties of Multi-Layered Coatings....................................78 
IV.3.1. Evaluation of the bond coat properties ..................................................78 
IV.3.2. Algorithm of curvature analysis in case of unknown  
bond coat Properties..............................................................................80 
IV.3.3. Evaluation of curvature behavior in case of unknown ceramic  
top coat properties.................................................................................82 
IV.4. Determination of Elastic Modulus from Bending of Layered Composite ......86 
IV.5. Through Thickness Stress Distribution in a Multilayer System.....................87 
V. RESULTS and DISCUSSION.............................................................................91 
V.1. Microstructure of NiCoCrAlY Bond Coats ......................................................91 
V.1.1. Microstructure of PWA 270 bond coat (EB-PVD) ................................91 
V.1.2. Microstructure of PWA 286 bond coat (VPS).......................................95 
V.2. Curvature Behavior of Multilayer TBC Systems During Thermal Exposure..101 
V.2.1. Two layer systems (substrate + bond coat)..........................................101 
V.2.2. Tree layer systems (substrate + bond coat + top coat) .........................108 
V.3. Temperature Dependence of Thermoelastic Properties ..................................123 
V.3.1. Thermal expansion and Young’s modulus of PWA270  
and PWA286 bond coat material .........................................................123 
V.3.2. Thermal expansion and stiffness of EB-PVD and  
APS YSZ ceramic coatings ..................................................................127 
V.4. Inverse Approach for Curvature Analysis......................................................131 
V.5. Residual Stresses Analysis ............................................................................135 
V.5.1. XRD measurements of NiCoCrAlY PVD bond coat ............................136 
V.5.2. XRD measurements of residual stresses for partially  
stabilized zirconia EB-PVD top coat ...................................................137 
V.5.3. Modeling of residual stress in two layer system  
(substrate + bond coat) at RT ..............................................................138 
 11
V.5.4. Modeling of residual stress in two layer system  
(substrate + bond coat) at elevated temperature ...................................140 
V.5.5. Modeling of residual stress in three layer system  
(substrate + bond coat + top coat) at RT..............................................141 
V.5.6. Modeling of residual stress in two layer system  
(substrate + bond coat + top coat ) at elevated temperature..................144 
VI. SUMMARY and CONCLUSIONS ...................................................................149 
VII. REFERENCES.........................................................................................153 
APPENDICES .........................................................................................................167 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 12
 
 
List of Figures 
 
 13
LIST of FIGURES 
 
1.1. Schematic of thermal barrier coating system  
with temperature gradient……………………………………23 
 
1.2. Multilayer components for energy conversion systems………………. 25 
 
2.1. Rotor and heat shield tiles in a ring combustion chamber.  
Outer ring-part removed (Siemens Power generation [28])…………….30 
 
2.2. Schematic of plasma spraying process…………………………..31 
 
2.3. SEM micrograph of cross section through APS coating 
showing different gray levels  
in intermediate coating layer[33]………………………….…...32 
 
2.4. Schematic of TBC system with functional top coat produced by  
EB-PVD; SEM micrograph shows the EP-PVD ceramic top coat  
used in present work………………………….……………33 
 
2.5. Schematic of conventional EB-PVD coating system [43]……………...35 
 
2.6. High-temperature materials for turbine blades [50]……………….… 37 
 
2.7. Blade expansion in turbine engine test………………………….. 39 
 
2.8. Variation of mechanical properties of Nimonic 90 with temperature [62]…..40 
 
2.9. Relative oxidation and corrosion resistance of  
high temperature coatings [68]……………………………….. 42 
 
2.10. NiCrAl ternary phase diagrams at 850oC, 1000oC, [70]; Compositions 
used for BC in present work are indicated………………………...43 
 
2.11. Yield stress as function of temperature for: a) NiCoCrAlY; dashed line 
indicates ductility of free-standing NiCoCrAlY coating;  
b) NiCoCrAlY+3wt.% Pt;c) NiCoCrAlY+3wt.%Ta [77, 78]………….... 44 
 
List of Figures 
 
 14
2.12. Thermal expansion mismatch for typical TBC system,  
CTEs taken from ref [80] …………………………………....45 
 
2.13. Phase diagram of ZrO2-Y2O3 [83]……………………………...46 
 
2.14. Schematic time-temperature-transformation (T-T-T)  
diagram for Y2O3-ZrO2 [92]………………………………….47 
 
2.15. Relationship between porosity and thermal conductivity  
observed in YSZ coatings [100]……………………………….48 
 
2.16. Variation of stiffness with respect to porosity  
for YSZ coating (compilation of data from ref. [100, 103])…………….49 
 
2.17. Micrographs of the EB-PVD ceramic coating: A) cross-section;  
B) surface view………………………………………….. 50 
 
2.18. Stiffness of EB-PVD top coat on Ni alloy substrate vs. temperature: 
a)  <100> orientation, 1st heating cycle;  
b)  <110> orientation, 1st heating cycle;  
c)  <110> orientation, 2nd heating cycle [108]……………………..51 
 
3.1 Specimen geometries used for curvature studies, type A: substrate + 
+ bond coat, type B: substrate + bond coat + ceramic top coat ………….53 
 
3.2 Macrographs of the as-received specimen variants A7, A8 and A9……….53 
 
3.3 Microstructure of CMSX-4 after standard heat treatment [111]………… 55 
 
3.4 Young’s modulus in <001> orientation for CMSX-4  
superalloy; insets demonstrate measured data in <011>, 
<111> orientation [112, 113]…….…………………………...56 
 
3.5 Coefficient of thermal expansion as function  
of temperature for the two different Ni-based superalloys  
used as substrate material [112, 63]…………………………….58 
 
 
 
List of Figures 
 
 15
3.6 Sequence of heat-treatments related with EB-PVD  
deposition of bond coat and top coat……………………………60 
 
3.7 Sequence of heat-treatments related with plasma spraying  
of bond coat and top coat……………………………………62 
 
3.8 Telescope system for in-situ observation of curvature behavior………… 67 
 
3.9 Schematic of the 4-point bending geometry used  
to determine of the elastic modulus of bond coat and the stiffness 
of the top coat; load-deflection curve for specimen A1………………. 68 
 
3.10 SEM micrograph of PWA 286 bond coat in as-received condition.  
Colored phase distribution generated from SEM image  
by AnalySIS 3.2 (grey: g-phase, green: b-phase, yellow: s-phase)………. 71 
 
4.1 Schematic depiction of the bending of material…………….………73 
 
4.2 Schematic representation of bending 
moment by a pair of equal but opposite forces……………………..75 
 
4.3 Schematic representation of two-layer sample after deposition  
of coating……………………………………….……... 78 
 
4.4 Flowchart demonstrating the procedure to calculate CTE  
as a function of Young’s modulus (bond coat)…………………..…81 
 
4.5 Graphical visualization of curvature analysis for determination  
of values for thermal expansion and elastic modulus…………………82 
 
4.6 Schematic drawing of three-layer sample………………………... 83 
 
4.7 Flowchart demonstrating the procedure to calculate CTE  
as a function of stiffness for a second coating layer (ceramic top coat)…….85 
 
5.1. Cross-section of PWA 270 bond coat in “as-received” condition; 
Arrows on SEM images indicate locations of EDX measurement………..91 
 
List of Figures 
 
 16
5.2. SEM image for PWA 270 bond coat after two cycles  
of heat treatment up to 1000oC………………………………..93 
 
5.3. Coloring of PWA 270 bond coat phases in: a) “as-received”; 
b) “heat treated” condition. ANALYSIS 3.2 images…………………94 
 
5.4. Cross-section of PWA 286 bond coat in “as-received” condition; 
SEM image taken at: a) BC/CMSX-4 - interface;  
b) near BC/TBC interface……………………………………95 
 
5.5. SEM images of PWA 286 bond coat 
after three cycles of heat treatment up to 1000oC: 
a) BC/CMSX-4; b) near BC/TBC ……………………………...96 
 
5.6. Cross-section of PWA 286 bond coat 
in: a) “as-received”; 
b) “heat-treated” condition. ANALYSIS 3.2 images…………………98 
 
5.7. Curvature development as a function of temperature for specimen variants  
(A1;A2) with different thickness of substrate.  
First cycle of exposure …………………….………………101 
 
5.8. The development of curvature during two thermal cycles  
of specimen variant A1…………………………………….102 
 
5.9. Curvature for first thermal cycle of specimen variants 
(A3;A5;A6) with different thickness of substrate…………………..104 
 
5.10. The development of curvature during two thermal cycles 
of specimen variant A3…………………………………….105 
 
5.11. Curvature for first thermal cycle of specimen variants 
(A7;A8;A9) with different thickness of substrate…………………..106 
 
 
5.12. Isothermal curvature changes at 1000oC annealing of specimen variant  
A3 (CMSX-4 substrate/EB-PVD bond coat) and  
A1 (CMSX-4/VPS bond coat). 
Total time of exposure during two cycle considered……………….. 107 
List of Figures 
 
 17
5.13. Curvature for first thermal cycle of specimen variants  
(B1;B3;B4) with different thickness of substrate…………………..109 
 
5.14. The development of curvature during two thermal cycles  
of specimen variant B1…………………………………….110 
 
5.15. Curvature for first thermal cycle of specimen variants 
(B5;B7;B8) with different thickness of substrate…………………..111 
 
5.16. The development of curvature during three thermal cycles  
of specimen variant B5…………………………………….112 
 
5.17. Curvature during first thermal cycle of specimen variants 
(B9;B10;B11) with different thickness of substrate…………………113 
 
5.18. The development of curvature during two thermal cycles  
of specimen variant B11……………………………………114 
 
5.19. Curvature for first cycle of exposure for specimen variants 
(B12;B13;B14) with different thickness of substrate………………..115 
 
5.20. Curvature for first thermal cycle for specimen variants 
(B12; B9) with different thickness of bond coat…………………...116 
 
5.21. The development of curvature during two thermal cycles 
of the specimen variant B12…………………………………117 
 
5.22. Isothermal curvature changes at 1000oC annealing of the specimen variant: 
B12 (Nimonic 90 substrate/EB-PVD bond coat/EB-PVD top coat) 
and B1 (CMSX-4/VPS bond coat/ EB-PVD top coat). Accumulated  
exposure time at 1000oC from different thermal cycles………………118 
 
5.23. Load Deflection curves of specimen variants: 
A4 (PWA 270 bond coat) and A1 (PWA 286 bond coat)……………..123 
 
5.24. Graphical representation of determination of thermoelastic properties from 
curvature analysis. A3, A5, A6 specimens with PWA 270 bond coat. 
(Evaluation from first cycle/heating of curvature experiment)…………124 
 
List of Figures 
 
 18
5.25. Temperature dependence of thermal expansion of VPS 
and EB-PVD bond coat. Comparison with 
results from literature [112, 98]….…………………………...125 
 
5.26. Temperature dependence of Young’s modulus of VPS 
and EB-PVD bond coat. Comparison with  
results from literature [98, 112]….…………………………...126 
 
5.27. Load deflection curves from bending tests of the sample variants 
B6 (APS top coat) and B2 (EB-PVD top coat)…………………….127 
 
5.28. Thermoelastic properties from curvature analysis of 
B1, B3, B4 specimens with EB-PVD ceramic top coat 
(Evaluation from first cycle/heating of curvature experiment)…………128 
 
5.29. Temperature dependence of thermal expansion of the APS 
and EB-PVD top coat. Comparison with previous 
measured results [80, 98, 112].………………………………129 
 
5.30. Temperature dependence of stiffness of the APS and 
EB-PVD ceramic top coat. Comparison with previous measured  
measured results [146]…………………………………….130 
 
5.31. Theoretically calculated and experimentally measured 
curvature of the specimen variants A3, A5, A6. 
(CMSX-4/ EB-PVD bond coat)………………………………131 
 
5.32. Theoretically calculated and experimentally measured 
curvature of the specimen variants B5, B7 and B8. 
(CMSX-4/ VPS bond coat/ APS top coat)…….…………………132 
 
5.33. Theoretically calculated and experimentally measured 
curvature of the specimen variants B1, B3, B4. 
(CMSX-4/ VPS bond coat/EB-PVD top coat)…….………………132 
5.34. Specimen locations for determination of residual stresses…………….136 
 
 
 
 
List of Figures 
 
 19
5.35. Through-thickness profile 
of residual stresses at RT after deposition of coating. 
Specimen variants A1 and A2, (CMSX-4/PWA 286)……………….138 
 
5.36. Through-thickness profile 
of residual stresses at RT after deposition of coating. 
Specimen variants A3, A5 and A6 (CMSX-4/PWA 270)……………..139 
 
5.37. Through-thickness profile 
of residual stresses at RT, 400oC, 600oC and 800oC during 
first heating. Specimen variants A3 (CMSX-4/PWA 270)…….………140 
 
5.38. Through-thickness profile 
of residual stresses at RT after cooling from deposition temperature. 
Specimen variants B1, B3 and B4 (CMSX-4/PWA 286/PVD-YSZ)…….. 142 
 
5.39. Through-thickness profile 
of residual stresses at RT after cooling from deposition temperature. 
Specimen variants B5, B7 and B8 (CMSX-4/PWA 286/APS-YSZ)….…..143 
 
5.40. Through-thickness profile 
of residual stresses at RT after cooling from deposition temperature. 
Specimen variants B12, B13 and B14  
(Nimonic 90/PWA 270/PVD-YSZ).…………………………...143 
 
5.41. Through-thickness profile 
of residual stresses at RT, 400oC, 600oC and 800oC during first heating. 
Specimen variants B1 (CMSX-4/PWA 286/EB PVD-YSZ)…………...145 
 
5.42. Through-thickness profile of residual 
stresses at RT, 400oC, 600oC and 800oC during first heating. 
Specimen variants B5 (CMSX-4/PWA 286/APS-YSZ)……………...145 
 
5.43. Through-thickness profile of residual stresses 
at RT, 400oC, 600oC and 800oC during first heating. Specimen  
variants B12 (Nimonic 90/PWA 270/EB PVD-YSZ)………………..147 
 
 
 
List of Figures 
 
 20
 
 
List of Tables 
 
 21
LIST of TABLES 
2.1. Role of elements in superalloys [53-55]………………………….38 
 
2.2. Comparison of properties of Ti-based and Ni-based superalloys [63, 64]….. 41 
 
3.1 Specimen classification and thickness of layers………………….…54 
 
3.2 Chemical composition (wt.%) of Ni-based superalloys 
used as substrates……….………………………………...55 
 
3.3 Thermomechanical properties of Nimonic 90 superalloy [63]…………..57 
 
3.4 Chemical composition (wt.%) of NiCoCrAlY bond coats…….………..59 
 
3.5 Chemical composition of Metco 204 NS powder for TBC, (FZJ) [114]……61 
 
3.6 Plasma spraying parameters [98, 112]…………………………...61 
 
3.7 Comparison of different methods to determine thermoelastic properties 
and residual stresses [129, 117]………………………………..65 
 
5.1 Composition of PWA 270 bond coat phases in “as-received” 
condition according to figure 5.1, EDX analysis…………………....92 
 
5.2 Composition of PWA 270 bond coat  phases after heat treatment 
according to figure 5.2, EDX analysis …………………………..93 
 
5.3 Content of the two main phases in EB-PVD coated PWA 270…………..94 
 
5.4 Composition of PWA 286 bond coat phases in “as-received” 
condition according to figure 5.4, EDX analysis……………………95 
 
List of Tables 
 
 22
5.5 Composition of PWA 286 bond coat phases in “heat-treated” 
condition according to figure 5.5, EDX analysis…………………....97 
 
5.6 Content of the two main phases in VPS coated PWA 286 ……………..98 
 
5.7 Isothermal curvature data at 1000oC annealing 
of specimen variants A1, A3………………………………... 108 
 
5.8 Isothermal curvature data at 1000oC annealing 
of specimen variants B1, B12………………………………..119 
 
5.9 General direction of curvature development for examined TBC systems….120 
 
5.10 Thermal expansion coefficients of PWA 270 and PWA 286 bond coats.….125 
 
5.11 Young’s moduli of PWA 270 and PWA 286 bond coat……………...127 
 
5.12 Thermal expansion coefficients of EB-PVD and APS YSZ top coats…….129 
 
5.13 Stiffness of EB-PVD and APS YSZ top coats…………………….130 
 
5.14 Average residual stress in bond coat and substrate  
of specimen variants A3……………………………………141 
 
5.15 Average residual stress in top coat, bond coat and substrate  
of specimen variants B1, B5 and B12…………………………..146 
 
 
I. Introduction and Goal of the Work 
 23
I. INTRODUCTION 
 
Thermal barrier coating (TBC) systems are increasingly utilized in heat exposed 
components of energy conversion systems to achieve a gradient between high surface 
temperature and the lower temperature of internal cooling [1-3], figure 1.1. In recent 
years, material interest was focused in particular a coated components of advanced gas 
turbines. In aero-engines, the blade of the high pressure turbine was for a long time the 
highest of the technology in the aero gas turbine. The set of used materials can resist to 
extreme thermal and mechanical loads during durability from 100.000 h. Maximum high 
constructive elements are the rotating blades of turbines of the first step. They work today 
at service temperature from 1300oC (stationary gas turbine) up to 1370oC (plane turbine). 
It is estimated that over the next twenty years a 200°C increase in turbine entry gas 
temperature will be required to meet for improved performance. The ability to increase the 
high gas temperatures has resulted from a combination of material improvements and the 
development of more complicated arrangements for internal and external cooling. Some of 
this increase will be made possible by the further adoption of thermal barrier coatings.  
To improve the service life of such components and to operate the turbine more 
efficient at higher temperature various material approaches have been proposed and 
Figure 1.1: Schematic thermal barrier coating system with temperature 
gradient (thickness of top coat ≈300 mm). 
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exploited. In the wake of this development also continuous efforts are under way to 
improve the processing technology and the characteristics of the coating properties. 
Thermal barrier coatings have been used for some years on static parts, initially using 
magnesium zirconate, but more recently yttria-stabilised zirconia has become the material 
choice [4-6]. The possibility of ceramic spalling on rotating parts is particularly 
dangerous, and strain-tolerant coatings are employed with an effective bond coat system to 
ensure mechanical reliability. A typical TBC system consists of a substrate, the metallic 
bond coat and the yttrium stabilized zirconium (YSZ) TBC. Figure 1.2 shows an examples 
with plasma sprayed ceramic top coat. One of them is YSZ used for gas turbines 
components. Also, the similar concept of a system looks preferable for uses as a plasma 
facing component in fusion technology [7, 8].  
Two different advanced processing routes vacuum or air plasma spraying (PS) and 
electron beam - physical vapor deposition (EB-PVD) are typically applied for the 
fabrication of multilayer coating systems. Thermally-sprayed coatings exhibit a lamellar 
microstructure usually containing many in plane defects, porosity and poor bonding 
between the spraying lamellae, whereas chemical or physical vapor deposited coatings 
exhibit defects normal to the coating due to the columnar microstructure [9-11]. The 
behavior of the multilayer thermal barrier systems was examined under different loading 
condition. A modern substrate alloy is complex in that it contains up to ten significant 
alloying elements. Different compositions of powders and several deposition techniques 
have been developed, which affect the coating morphology. The particular microstructure 
influences the mechanical properties of the coating. Hence they are different from those 
obtained for the same material under bulk condition. The knowledge of the thermoelastic 
properties of deposited coatings is necessary to predict the structural behavior of the 
components. Thermoelastic data like stiffness and thermal expansion are required to 
estimate the residual stresses in the multilayer thermal barrier system [12, 13].  
Deposition is typically carried out at a relatively high temperature. Upon cooling 
residual stresses develop in the coatings prior to any other in-service loading. These 
residual stresses depend on deposition parameters. In the case of the plasma spraying (i) 
the rapid quenching of the molten particles and (ii) the non-equilibrium cooling of the 
different phases. In addition the expansion mismatch between the deposited layers and the 
substrate is of importance [14, 15].  
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Improving the knowledge about the development of residual stresses is a critical 
issue for obtaining coatings with optimized mechanical integrity and low thermal 
conductivity [16, 17]. The wide range of possible coating variants creates the necessity to 
relate the coating microstructure with deposition parameters and conditions of heat 
treatment.  
 
The techniques that have been developed to analyze the wide range of materials 
with various geometries and deposition history apply with different degree of reliability in 
particular when the small thickness of the coatings is considered. In this case curvature 
tests of unconstrained multilayer specimens as s function of temperature provide a 
powerful tool to characterize coating properties. Upon thermal loading curvature changes 
develop in layered specimens which are most pronounced if the layers are comparable in 
thickness, e.g. in case of a thin thickness of the substrate. The potential of curvature 
studies for determining the elastic modulus/stiffness, thermal expansion and residual stress 
of the coatings is demonstrated in present work. Besides thermal expansion and elastic 
behavior the observed curvature of the multilayer systems gives also information about the 
changes in microstructure, e.g. change in phase composition at high temperature. 
 
LAYERED STRUCTURE OF  
GAS TURBINE 
TURBINE COMPONENT 
YSZ   
MCrAlY  
CMSX-4 200 mm 
Figure 1.2: Multilayer component for gas turbine application. 
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In continuation of previous efforts to characterize the thermoelastic behavior of 
thermal barrier systems, the present work elaborates in depth: 
 
Ø an in-situ observation technique for measuring the curvature behavior of 
multilayer thermal barrier coating specimens as a function of 
temperature up to 1000oC; 
 
Ø thermoelastic properties of vacuum plasma sprayed (VPS) and electron 
beam physical vapor deposited (EB-PVD) MCrAlY bond coats, air 
plasma sprayed (APS) and EB-PVD ceramic top coats; 
 
Ø the residual stresses in the layers of the thermal barrier system between 
RT and 800oC; 
 
Ø the residual stresses in EB-PVD bond coat and top coat from XRD 
measurements as compared to those derived from the curvature analysis; 
 
Ø the relaxation and phase transformation effects of the bond coat at high 
temperature (1000oC); 
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I.1. Organization of the Thesis 
 
The findings of the present work are organized in six chapters.  
The introduction in chapter I addresses material aspects of thermal barrier systems 
for advanced gas turbines and outlines motivation and objectives of the thesis. 
Chapter II reviews the state-of-the-art of advanced materials and processing 
technology of TBCs. This chapter is focused on the coating morphology and the 
characteristics desired for improved TBC performance.  
Chapter III describes the specimen and coating variants as well as the experimental 
methods used to investigate and characterize the thermoelastic behavior of the coatings.  
In Chapter IV the theoretical approaches to evaluate the thermoelastic behavior of 
the multilayer TBC system are derived. Bond coat and top coat properties are considered 
subsequently.  
The results in Chapters V comprise the experiments using different techniques for 
the determination of the thermoelastic response of layered systems. With the aid of 
curvature studies and their thermoelastic analysis bond and top coat properties (thermal 
expansion, elastic behavior) are determined. Residual stress distributions are calculated 
between RT and 800oC. The results are discussed in terms of processing variants (VPS, 
EB-PVD, APS) and thermal history.  
Final remarks in Chapter VI conclude the thesis. 
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II. ACHIEVEMENTS IN PROCESSING AND 
APPLICATION OF THERMAL BARRIER COATINGS 
 
 
II.1. Manufacturing of Thermal Barrier Coatings 
 
 
Thermal Barrier Coatings (TBC) are multilayer systems, consisting of at least two 
functional layers and a metallic substrate. Typically the structural metallic component is 
covered by an intermediate metallic bond coat and a ceramic top coat. The bond coat is 
designed to protect the metallic substrate from oxidation and corrosion. The standard 
ceramic top coat consists of zirconium oxide partially stabilized with yttrium oxide. 
Advanced thermal barrier coatings envisaged for surface temperature above 1400oC 
comprise variation of up to 5 layers [18, 19]. In aero, terrestrial and marine engines, TBC 
are applied on the hottest part of the combustor and for high pressure turbine blades and 
vanes in order to extend component life time and increase engine performance [20]. The 
efficiency of all types of gas turbine engines is proportional to the firing or turbine inlet 
temperature. Increases in service temperature could be facilitating by improved structural 
design and airfoil cooling technology. Hence, the application of higher strength-at-
temperature alloys cast as single crystal by increasingly complex processes, and coated 
with steadily improved thermal protection systems is required. 
Application of TBC for gas turbines has undergone some development stages. The 
first report about coating technology, in which an elements diffuse into a surface and 
involves an alteration of the substrate surface dates back to the 1920s [21, 22]. Early used 
systems were metals coated by embedding them in a powder mixture of aluminium, 
ammonium chloride (NH4Cl) or graphite. The enhanced oxidation resistance of coated 
metals was attributed to the selective formation of alumina scales. The process of 
chromizing and aluminizing of cobalt-based gas turbine vane airfoils are documented in 
50-60s. Since about 1970 most vane and blade coatings have been applied using pack 
phys-cementation and the more recently developed ‘out-of-contact’ or chemical vapour 
deposition (CVD) processes [23]. The major advantage of the CVD process is the good 
power. Therefore, it can be used to uniformly coat complex shaped components and 
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deposit layer with good conformal coverage. Another advantage is the compositional 
flexibility, i.e. the possibility of using a wide range of chemical precursors such as 
halides, hydrides, organometallics which enable the deposition of a large spectrum of 
materials including, metal, carbides, nitrides, oxides, sulphides and other. However, the 
high processing cost for the CVD technique and difficulties to deposit multicomponent 
materials with well controlled stoichiometry has to be emphasized.  
A number of advances were achieved with the use of overlay coatings. In the late 
1960s the coatings with compositions nominally independent of substrate have been 
developed. A model composition FeCrAlY, with 10–15% aluminum, was applied as a 
coating to nickel-base superalloys by electron beam vapour deposition (EB-PVD) [24]. 
However, this coating did not find application at high temperatures because nickel in the 
substrate alloy reacted with aluminum in the coating to form an interfacial layer of NiAl. 
The next coating generation in this coating series – CoCrAlY, demonstrated better hot 
corrosion and oxidation resistance. Matching the ductility requirements for airfoils in 
high-performance commercial and military engines led to the development of 
NiCoCrAlY coatings. Most of them are Ni(Co)-based with a high content of Al (8-
12wt%) and Cr addition of 15-22wt.%. More complex NiCoCrAlY compositions 
containing additions of tantalum, tungsten, titanium, niobium, rhenium, zirconium, etc., 
either single or in combination, have been applied in industry. There are now at least 40 
patented variations of the original MCrAlY concept (M=Ni, Co, Fe) [25-27]. 
Since the early 1980s the development of ceramic top coats has gained increasing 
importance. Thus, in addition to corrosion resistance the metallic coating had to provide a 
Figure 2.1: The rotor and heat shield tiles in a ring combustion chamber. 
Outer ring-part removed (Siemens Power generation [28]). 
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good bonding between the ceramic top coat and the metal of the structural substrate. 
Ways to improve the durability of coated components by the use of TBCs have been 
widely investigated [29-31]. Zirconia (ZrO2) is an attractive material for these 
engineering applications, because it has favourable properties, e.g. low thermal 
conductivity and high thermal expansion close to the other involved metals. Interest was 
centered on partially stabilized zirconia (PSZ) as ceramic top coat.  
TBC coating of the hot parts (combustion chamber, rotating blades and vanes) 
increases their potential in and resistance against hot corrosive and oxidative 
environments [28]. In Figure 2.1 the rotor and heat shield tiles in a ring combustion 
chamber are shown. Note that the outer ring part removed. A continuous aim of gas 
turbines development is the increase in efficiency of the combustion processes. One 
possibility is the increase of the temperature level by application of advanced materials, 
current material efforts also focus on refinement of the deposition processes of advanced 
coatings.  
II.1.1. Plasma spraying process 
 
Plasma spraying deposition is 
widely used in industry for the 
deposition of coatings. The 
relatively inexpensive process has 
the flexibility to produce coatings 
of mixed varying compositions. 
During the plasma spray process 
solid particles are injected into a 
plasma jet where they are heated 
and accelerated towards the 
substrate. Because of the high 
temperature and high thermal 
energy of the plasma jet, materials 
with high melting points can be 
sprayed. Plasma spraying 
produces a high quality coating by 
combination of a high 
 
DC power 
supply 
Electrode 
 
Carrier gas + 
powder 
_ + 
_ 
Plasma gas 
intel 
 
Substrate 
         Deposit 
Figure 2.2: Schematic of plasma  
spraying process. 
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temperature, high energy heat source, a relatively inert spraying medium and high particle 
velocities, typically 200-300 m.sec-1. However, some air becomes entrained in the spray 
stream and oxidation of the spray material may occur. Vacuum plasma (VPS) or low 
pressure plasma spraying (LPPS) reduces these problems by spraying in vacuum or a low 
pressure, inert gas environment. The ceramic coating is usually sprayed in atmosphere 
(APS). For instance, ceramic coating could be deposited on the steel substrate in ambient 
atmosphere with an automated single-gun plasma-spray apparatus is shown schematically 
in figure 2.2. In most cases of this process the hydrogen, nitrogen, argon or helium in an 
electric arch is ionized. The powder carrier gas is nitrogen or argon, which brings the 
powder in the plasma. The particles are melted at temperatures between 4.000 and 
30.000°K. Depending on their size, the melting can be incomplete. However, to control 
the spray parameters and to form a uniform coating layer, still remains an area of 
outgoing research. Also the starting powder may have different densities,  
particle sizes, morphologies, melting 
point and flowability. Depending on 
temperature, the molten state and 
velocity of the particles they may 
splash in a different way on the 
substrate leading to coatings of 
different structure. 
The molten or partly 
molten particles hit the surface of the 
target and lead to a coating formation 
with a lamellae (“splat”) like 
structure shown on figure 2.3. In 
addition to the splat, morphology the microstructure of plasma sprayed coatings also 
contains many defects, e.g. large globular pores and microcracks between and within the 
splats. The temperature and velocity of the powder particles as well as the substrate 
temperature affect the splat deposition and morphology, which ultimately affects the 
microstructure and properties of the coating itself. The splats are separated by 
interlamellar pores resulting from the rapid solidification and fine voids cracks formed 
by only partial inter-splat contact. Furthermore, unmelted particles and cracks are 
present, the latter originating from splat quenching and thermal stresses [32, 33].  
Figure 2.3: SEM micrograph of cross section 
through APS coating showing different gray 
levels in intermediate coating layers [33]. 
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Because of the high temperature in the plasma core, which exceeds 20000 K, 
plasma spraying offers the ability to deposit almost any material and combinations of 
materials [34]. Coating materials with very high melting points such as ceramics, cermets 
and refractory alloys are used. Depending on the atmospheric condition during the 
spraying process, different types are distinguished for special purposes and materials [35-
37].  
 
 
II.1.2. Electron-beam physical vapor deposition 
 
Electron-beam physical vapor deposition (EB-PVD) is a well established coating 
process since many years. It has proved reliability on heat exposed components of gas 
turbines used in airplanes. The EB-PVD coatings typically exhibit a columnar  
 
morphology, which is the key for in-plane strain accommodation caused by thermal 
expansion mismatch [38]. Figure 2.4 shows an example of the multilayer composite with 
YSZ ceramic top coat deposited by EB-PVD. Conventional EB-PVD uses an electron 
substrate 
Bond coat 
TBC 
PVD process 
produces columnar 
structure 
Low modulus/strength 
High 
modulus/ 
strength 
 
Figure 2.4: Schematic of TBC system with functional top coat produced by 
 EB-PVD; SEM micrograph shows the EB-PVD ceramic top coat used in present work. 
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beam which is directed to the surface of the ingot material, e.g. rod or powder confined in 
water cooled crucible. The coating material (alloy or ceramic) is evaporated by the 
electron beam and deposited on the rotating components. Figure 2.5 shows a schematic 
drawing of the conventional EB-PVD technique. The EB evaporation by axial guns 
allows very high deposition rates up to several 1000 nm s-1. Because of the low thermal 
energy of the vapor species, the condensed particles have a limited mobility. This limited 
mobility leads to shadowing effect and formation of layers with columnar structure. The 
shadowing effect has been discussed in detail elsewhere [39, 40]. The deposition process 
is carried out in vacuum better than 10-2 Pa. To achieve stoichiometric composition of the 
ceramic material a controlled amount of oxygen is bled into the deposition chamber. 
Preparation of a free surface material before deposition (clean from lubricants, oxides and 
etc.) and adhesion to the substrate are important for easier and more securely bonding 
between substrate and coating. The deposition of the EB-PVD YSZ coating is typically 
performed in a dual source coater used in single source evaporation mode. The ingot 
source material is bottom fed in a water cooled copper crucible for evaporation. Typical 
condensation rates of the EB-PVD process are between 5 and 10 mm/min for zirconia on 
rotated parts. The power of the e-beam has to be adapted to the individual evaporation 
behavior of the different materials, ranging from 20 kW and less for pure silica or 
alumina up to 80 kW for multi-layer formation of zirconia containing coatings [41].  
Several approaches have been developed with varying degree of success, to 
achieve satisfactory adhesion of relatively thick zirconia coatings. Alternative approaches 
include the following [42]:  
1. grading the ceramic–metal interface; 
2. applying a compliant bond coat; 
3. increasing the porosity of the zirconia layer; 
4. segmenting the zirconia coating. 
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The properties of coatings are affected by the deposition parameters. They include 
the stoichiometry of the YSZ ceramic, the pore content present in the ceramic top coat 
and the surface uniformity. In order to achieve better control of deposition and improve 
efficiency, the application of ion assisted processes, such as ion plating (IP) and ion beam 
assisted deposition (IBAD) have been developed [44]. Both techniques utilize the high 
speed evaporation. For high rate EB evaporation the plasma density must be adapted to 
the high deposition rate and to the size of the coating area. Two different modes for 
activation of the plasma can be applied. One is the spotless arc (SAD process) and the 
other one is based on activation by a hollow cathode low-voltage electron beam (HAD 
process). In SAD process the evaporation crucible is connected as the cathode of a 
spotless arc. The anode function is taken over by an additional plasma electrode. Typical 
discharge parameters of the SAD evaporation are in range for Uarc=15¸40 V, for 
Iarc=600¸2000 A. However, the formation of spotless arc is limited to metals with high 
melting point elements, such as Ti, Mo, Zr, and W [45]. 
Within the frame of this work, both bond coat and top coat were deposited by 
conventional EB-PVD (one gun, one ingot, and no ion or plasma assistance process). The 
EB-PVD coatings were deposited in the coating facility of DLR, Cologne (Germany) [38, 
41, 46]. Further details of the deposition will be discussed in section III.1.3. 
 
 
Figure 2.5: Schematic of conventional EB-PVD coating system [43]. 
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II.2. Selection of Ni-based Superalloy for Substrate 
 
Single crystal superalloys have been used for more than 30 years as materials for 
aero-engine turbine blades and vanes [47]. In the high temperature range mainly Ni-based 
alloys are used. Their high strength and creep resistance at high temperature are mainly 
due to solid solution hardening, coherent precipitation in the matrix and the absence of 
grain boundaries. Since their introduction, the understanding of the relationship between 
microstructure and macroscopic properties has made considerable progress as well as 
application in industry [48, 49]. Hence, gas turbine performance improved with the 
development of high-temperature alloys. As indicated by the increase of the surface 
temperature in figure 2.6 from Ohnabe et al [50]. The modern high-performance aircraft 
jets operate with advanced superalloys. A heat-resistance alloy based on nickel, nickel-
iron or cobalt exhibits a combination of mechanical strength and resistance to surface 
degradation. A noteworthy feature of nickel-base alloys is their use in load-bearing 
application at temperature in excess of 80% of their incipient melting temperatures, a 
fraction that is higher than for any other class of engineering alloys. The main austenitic 
matrix in superalloys, they have FCC close packed structure. The dominant phase for Ni-
base high temperature superalloys is gamma-prime [51]. At very high temperature, the g¢ 
particles dissolve and the strength decreases. The material has two advantageous aspects. 
One of them is that no grain stabilizing elements such as zirconium or boron needs to be 
added to the material. Second, creep is reduced and crack initiation sites are removed 
without the grain boundaries. The absence of the stabilizing elements increases the 
solidus temperature of the 'g -particles, which are stable to higher temperature. An 
additional advantage for using single crystals is that a low-modulus crystalographic 
direction can be chosen in the most stressed direction of the component. This fact 
increases the thermal fatigue resistance of the component [52].  
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Oxidation / hot corrosion resistance is primarily a function of alloy composition. 
Active element additions can be made to all superalloys to enhance oxidation resistance.  
 
The composition of nickel based alloys varies in wide range. The superalloys 
discussed below are considered to be complex because they incorporate as many as a ten 
elements. Some primary physical properties of the Group VIIIA elements make them 
suitable for high temperature application. The function of the various elements in nickel 
alloys is summarized in table 2.1.  
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Figure 2.6: High-temperature materials for turbine blades [50]. 
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Table 2.1: Role of elements in superalloys [53-55]. 
Effect Iron base Cobalt base Nickel base 
Solid solution strengtheners Cr, Mo 
Nb, Cr, Mo, Ni, W, 
Ta 
Co, Cr, Fe, Mo, W, 
Ta 
FCC matrix stabilizers C, W, Ni Ni … 
Carbide form MxCy type Ti, Cr, Mo 
Ti, Ta, Nb, Cr, Mo, 
W 
W, Ta, Ti, Mo, Nb, 
Cr 
Carbonitrides M(CN) type C, N C, N C, N 
Forms g¢ Ni3(Al, Ti) Al, Ni, Ti … Al, Ti 
Retards formation of hexagonal h 
(Ni3Ti) 
 
Al, Zr 
 
… 
 
… 
Raises solvus temperature of g¢ … … Co 
Hardening precipitates and/or 
intermetallics 
 
Al, Ti, Nb 
 
Al, Mo, Ti, W, Ta 
 
Al, Ti, Nb 
Forms g¢¢ (Ni3Nb) … … Nb 
Oxidation resistance Cr Al, Cr Al, Cr 
Improves hot corrosion resistance La, Y La, Y, Th La, Th 
Sulfidation resistance Cr Cr Cr 
Increases rupture ductility B B, Zr B, Zr 
Causes grain-boundary segregation … … B, C, Zr 
Facilitates working  ... Ni3Ti … 
 
The choice of the substrate alloy has a large influence on the lifetime of the total 
TBC system. A major step in use of the alloy for turbine blades is the heat treatment 
process. Typically, two types of heat treatment are used: solution heat treatment and 
aging heat treatment [56, 57]. With regard to solution, the cycles for single crystal 
components are designed to a complete solution of the 'g  and most of the g / 'g  eutectics 
are without incipient melting. The commercial alloy CMSX-4 which is solution heat 
treated at a maximum temperature of 1320oC in vacuum, readily achieves a 99 %+(<1 % 
remnant g / 'g  eutectic) microstructure. With regard to aging, the volume fraction of 'g  
in CMSX-4 is approximately 70 %. It has been reported that high temperature aging heat 
treatment gives cuboidal 'g  with a mean size of 0.5 mm, which has optimised creep 
response [58]. Similar 'g  morphology and size are obtained with a 4h/ 1080oC post 
solution treatment.  
II. Achievements in Processing and Application of Thermal Barrier Coatings 
 39
Recently there has been increased interest in the use of CMSX-4 superalloy in 
industrial application. The CMSX-4 alloys are a second generation of the single crystal 
alloys widely used in aerospace industry for the production of turbines. The flight engine 
certified alloy is characterized by its rhenium content, high level of additive refractory 
elements, and a relatively low chromium employment. When the positive strengthening 
effects of Re alloying became apparent, alloys containing about 3 wt.% Re were 
designed. Such variants (second generation SX), generally exhibited the same strength at 
about 30-35oC higher temperature in comparison to the other alloys. CMSX-4 gained 
commercial significance at the end of the last decade. The next step of material 
improvement also with respect to oxidation resistance is currently a single crystal alloy 
with a Re level of about 6 wt.%. Successful alloys of this third generation (CMSX-10, 
CMSX-11a, CMSX-11b) also contain a high volume fraction of refractory elements (W, 
Ta, Re, Mo) and relatively low chromium. The level of 6 to 6.5 wt.% appears the most 
feasible at this time. The relative improvement in service behavior can be observed for a 
CMSX-10 superalloy in comparison with a CMSX-4, figure 2.7. According to results of 
Erickson [59], benefits of the third generation SX superalloys before second one have 
been demonstrated. Identical blades were taken for an engine test and measured before 
Figure 2.7: Blade expansion in turbine engine test [59]. 
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and after the engine run. The analysis of the test data revealed that the CMSX-4 blade 
growth was about eight times greater than that of CMSX-10. Typically, the CMSX-4 
alloy exhibits about a 3x¸5x advantage in creep strength, thereby suggesting the CMSX-4 
alloy blades were in a tertiary creep regime while the CMSX-10 alloy blades were still in 
a primary creep mode. The CMSX-4 maximum temperature of application is generally 
thought to be about 1163oC, g¢ particle observations following elevated-temperature creep 
testing suggest that CMSX-10 may extend the superalloy functionality to about 1204oC.  
Another aspect of the substrate material selection is the fatigue performance. In 
the present work besides CMSX-4 also Nimonic90 was used. The application of the 
Nimonic90 as high strength material for gas turbine component is widely known. The 
commercially available Nimonic90 alloy had a nominal composition of more than 50 
wt.% Ni. Literature [60, 61] reveals that the microstructure of the superalloy the 
Nimonic90 shows the shearing of g¢ particles, which leads to cyclic softening. The 
Nimonic90 being precipitation hardenable has high rupture strength and creep resistance 
at high temperatures (up to about 900°C). In figure 2.8 typical mechanical properties are 
plotted as a function of temperature. 
Alloys designed for high temperature operation generally contain Ni, Al and Ti. 
However, Ti addition makes an adequate solution heat treatment of the alloy more 
difficult. In fact most of the new alloys rely on Al content for g¢ formation rather than Ti 
Figure 2.8: Variation of mechanical properties of 
Nimonic90 with temperature [62]. 
II. Achievements in Processing and Application of Thermal Barrier Coatings 
 41
[63]. Due to the higher level of Al, they also exhibit relatively good environmental 
protective characteristics.  
A comparison of the two Ni-base superalloys used as substrate material in present 
work is shown in table 2.2. Thermo-mechanical properties of the Ti-based superalloys to 
table are included. 
 
Table 2.2: Comparison of properties of Ti-based and Ni-based superalloys  
[63, 64]. 
Ni-based  
Properties Ti-based 
CMSX-4 (2th gen.) Nimonic90 
Structure HCP/BCC FCC/L12 FCC/L12 
Density [g/cm3] 4.5 8.7 8.18 
E-modulus [GPa] 95-115 120-180 181-226 
Yield strength [MPa] 380-1150 700-1050 540-810 
1CTE x10-6 [C-1] 7.2-8.9 11-13 14-16 
Tensile strength [MPa] 480-1200 1000-1100 1115-1265 
Creep limit [oC] 600 950 870-900 
Oxidation [oC] 600 900 950 
Max. Use Temp. [oC] 538 1160 920 
 
 
II.3. Oxidation-Resistant Coatings 
 
Oxidation-resistant coatings are commonly applied to high strenghtly high-
temperature alloys to improve their environmental endurance in service. Since the early 
1960s the development of diffusion barrier coatings, overlay coatings and, more recently, 
of the bond coat layers has been carried out [65-67]. For application at high temperature, 
e.g. in the range 800-1200oC, these coatings are generally of MCrAlY type, where M may 
be Ni, Co or a combination of both. The aluminum content is above 6 wt.% to enable 
formation of an alumina scale at high temperature.  
1 Subsequently both abbreviation CTE or a  for the thermal expansion are used. 
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As a background to the development of materials for coatings, the corrosion 
performance of a wide range of coatings, under high temperature oxidation and hot 
corrosion conditions have been extensively described [27]. Summarizing some of the 
data, the figure 2.9 represents schematically a diagram suggested by Mom [68], in which 
the oxidation and corrosion resistance properties of the different coatings are plotted 
qualitatively. For example, overlay coatings, with 18-22 wt.% Cr and about 8-12 wt.% 
Al, generally perform better at higher temperatures, where oxidation is the dominant 
failure mode (above 900oC). The good oxidation performance of NiCoCrAlY coatings 
with high chromium containing can be noted. However, at low temperatures where the 
corrosion mode dominates (650–800oC), CoCrAlY coatings generally outperform 
NiCrAlY-based systems. 
MCrAlY alloys are multiphase materials [69]. With the basic component Ni and 
the minor elements Cr and Al, the phase stability can be represented in a NiCrAl ternary 
phase diagram, figure 2.10. From the typical composition of the oxidation resistant 
coating, four main phases are identified: a -(Cr), b -(NiAl), g -(Ni) and 'g -(Ni3Al).  
Figure 2.9: Relative oxidation and corrosion resistance of high temperature 
coatings [68]. 
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High temperature oxidation resistant alloys rely on selective element depletion 
due to oxide scale formation, e.g. the scale forming elements Al, Cr or Si. To improve the 
coatings a self-healing capability has to be incorporated, i.e. a sufficient reservoir of the 
oxide forming metal has to be provided.  
 
A reservoir phase is a intermetallic compound that can lead to scale formation 
with elements depleted in the coating. Possible systems under investigation include Al2Y 
and NiAl3 [71, 72].  
Another problem is related with the migration of elements from the substrate to 
the oxide scale, weakening the protection role and/or mechanical integrity. A scavenger 
phase can be added to react, entrap and tramp elements that may move from the alloy 
substrate through the coating to the metal oxide interface. Elements like phosphorus and 
carbon may work according to this mechanism. For example, chromium carbide is a 
scavenger phase, relative to titanium, molybdenum and tungsten, it is partially stable and 
reacts to form TiC and to release chromium [73, 74].  
Deposition of MCrAlY coatings can be achieved, among other methods by 
electron-beam physical vapor deposition as well as plasma spray technology. A vacuum 
plasma spray process (VPS) is generally used to deposit bond coats. The reduced porosity 
 
Figure 2.10: NiCrAl ternary phase diagrams at 850oC, 1000oC, 
[70]; Compositions used for BC in present work are indicated. 
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and the lower content of oxide inclusions with VPS produce a bond coat with better 
homogeneity and enhanced oxidation resistance.  
The thermomechanical behavior of the bond coat also affects the durability of 
whole thermal barrier systems. This includes the thermoelastic parameters controlling the 
mechanical response of the individual layers upon loading. Also roughness and strength 
of the interface between the bond coat and top coat and the thermal expansion mismatch 
between both layers are of importance. Since each of these aspects influences the internal 
stress induced in an individual layer in a different way this also leads to differences in 
failure mode [75, 76]. 
 
From room temperature to about 600oC, the MCrAlY alloys typically exhibit low 
ductility and high strength. At higher temperature, the bond coat becomes ductile [79]. 
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Figure 2.11: Yield stress as function of temperature for: 
a) NiCoCrAlY; dashed line indicates ductility of free-standing NiCoCrAlY coating;  
b)  NiCoCrAlY+3wt.% Pt; c)  NiCoCrAlY+3wt.%Ta [77, 78]. 
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The question of bond coat ductility is very important to improve the adherence and 
interaction with a substrate superalloy. The transition can be defined by a brittle-to-
ductile transition temperature (DBTT). Examples of MCrAlYs with DBTT in the range of 
600-800oC are shown in figure 2.11. The yield stress curves reveal the influence of 
different additions of active elements, such as Ta and Pt [77]. When Ta is added to a 
nominal MCrAlY bond coat, the yield stress increases proportional to the Ta content, but 
with Pt additions the increase is much less and hardly changes the behavior of the 
nominal alloy (figure 2.11).  
 
The thermal expansion mismatch that has received most attention is that between 
substrate and ceramic layer. Since the coefficients of thermal expansion (CTEs) of bond 
coat and substrate are usually similar (figure 2.12) and thickness of the substrate is much 
larger relative to that of the bond coat. The impact of the bond coat is generally assumed 
to be of less importance [81]. The relatively large expansion mismatch between metal 
layers and the ceramic imposes a tensile stress in the ceramic during heating. However, 
the effect appears less critical at high temperature when the bond coat relaxes by creep. 
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Upon cooling, the same mismatch in expansion creates a compressive stress in the 
ceramic that may contribute to interface crack propagation and delamination. Any 
reduction in mismatch will lead to longer service life of the TBC top coats. A lifetime 
prediction model requires among other properties the detailed knowledge of the 
temperature dependence of thermal expansion for each layer.  
 
 
II.4. Ceramic Thermal Barrier Coatings 
 
The standard coating material for thermal barrier application in heat exposed 
components of advanced gas turbines is partial yttria-stabilized zirconia [82].  
 
It is well established, that ZrO2 exists in three crystallographic symmetries: the 
low-temperature monoclinic phase; the tetragonal phase at intermediate temperature; and 
the high-temperature cubic phase. Pure zirconia is monoclinic at room temperature. This 
phase is stable up to 1170oC. Above this temperature it transforms into tetragonal and 
then into cubic symmetry at 2370oC. During cooling, a t-m transformation takes place in 
 
  
Figure 2.13: Phase diagram of ZrO2-Y2O3 [83]. 
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a temperature range below 1070oC. The phase transformation of tetragonal to monoclinic 
symmetry is accompanied by a significant volume expansion (»4.5 vol.%) [84]. In the 
bulk zirconia the expansion is advantageously utilized for toughening the ceramic 
(transformation toughening [85, 86, 92, 97]). However in TBC the expansion may trigger 
formation of cracks and the thus is believed to promote failure. Therefore, the amount of 
monoclinic phase is usually kept as low as possible by adding stabilizing elements. Ruff 
and co-workers [87] showed the feasibility of the stabilisation of the c-phase to room 
temperature by adding to zirconia small amount of CaO.  
By addition of oxides, like CaO, MgO, CeO2, Y2O3 to pure zirconia allows to 
generate multiphase materials known as Partially Stabilized Zirconia (PSZ). Much 
attention has been given in recent years to the development of the multiphase system 
ZrO2-Y2O3. A phase diagram of ZrO2-Y2O3 is shown in figure 2.13, Scott [83]. The 
diagram is supported by the results of other authors [88, 89]. ZrO2 ceramics with 4¸5 
wt.% Y2O3 can be obtained with 100% tetragonal symmetry at high temperature. The 
exhibit a high fracture toughness and high strength [90]. The mechanical properties make 
the stabilized zirconia attractive for structural use. ZrO2 with higher Y2O3 content, »8 
wt.% Y2O3 is typically used for thermal barrier coatings [91, 12]. Under equilibrium 
condition the microstructure at room temperature generally consists of cubic and 
monoclinic zirconia. But in reality the amount of c-, t-, and m- phase present strongly 
Figure 2.14: Schematic of time-temperature-
transformation (T-T-T) diagram for Y2O3-ZrO2 [92]. 
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depends on the heat treatment conditions [93-95]. The annealing temperature and the 
cooling rate are of the utmost importance in the phase assemblages. By the rapidly 
cooling to room temperature of ZrO2 with 8 wt.% Y2O3 content, the displasive reaction 
c®t¢ occurs if transformation temperature To is approached directly, figure 2.14 [92]. The 
tetragonal solid solution referred to as t¢ in literature is of metastable nature. Upon heating 
the t¢ phase remains stable up to thermal loads of 1200°С [96]. Thus there is no phase 
transformation when operation temperature is kept below 1200oC.  
The interest to use zirconia as a thermal barrier coating originated primarily from 
[98, 99]:  
- low thermal conductivity; 
- good thermal expansion match with metallic layer; 
- low sintering rate in case of porous microstructure;  
Among those properties, thermal expansion coefficient and thermal conductivity 
need in depth characterization considering the specific microstructure obtained from the 
coating process. In addition the mechanical properties and thermoelastic are of 
importance.  
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Figure 2.15: Relationship between porosity and thermal 
conductivity observed in YSZ coatings [100]. 
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Depending on the APS and EB-PVD deposition, significant differences in the 
morphology of the coating exist. For plasma sprayed ceramic top coat critical thermal 
conductivity strong depends on the morphology of pores and cracks introduced during 
spray process. A variation of the porosity level of these the coatings can change the 
magnitude of thermal conductivity considerably [11]. As an example the thermal 
conductivities of as sprayed and thermally cycled YSZ coatings are presented in figure 
2.15. The thermal cycling causes a densification of the top coat microstructure and thus 
an increase of thermal conductivity. The presence of the small defects such as pores has 
also influence on the elastic modulus. Considering the processing related variations of 
elasticity it appears reasonable to use the expression stiffness rather than Young’s 
modulus. Recent work has addressed the elastic behavior of the porous ceramic coatings 
in more details [100-102]. Stiffness results, plotted versus porosity, are presented in 
figure 2.16. The data reveal the general trend of a decreasing the stiffness with increasing 
porosity. In the typical porosity regime of the ceramic top coat (5¸15%) the data show a 
significant scatter in stiffness, that can be attributed to variations in the powder and 
spraying parameters [103].  
Figure 2.16: Variation of stiffness with respect to porosity  
for YSZ coating (compilation of data from ref. [100, 103]). 
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In the case of EB-PVD top coats of YSZ the other morphological aspects are of 
importance. EB-PVD produces a microstructure consisting of a columnar grains, figure 
2.17, with a weak bonding between the columns and a strong chemical bonding to the 
alumina scale that develops on the bond coat layer during fabrication of the thermal 
barrier composite [104].  
Due to the columnar shape of the microstructure, a texture in the mechanical 
properties can be expected [105, 106]. The in-plane elastic modulus of the columnar 
structure is controlled the gaps between the columns, the CTE of the substrate, the 
number of boundaries per unit length and heat treatment history [107, 108]. The stiffness 
of a EB-PVD top coat on metallic substrate in <100> and <110> orientation is displayed 
in figure 2.18 as function of temperature. The stiffness in <100> orientation drops to 
approximately 35% with increase of temperature and increases above 800oC, curve (a). A 
more diversified situation with stiffness was reported by Fritscher et. al [108] in the “low” 
<110> orientation. The modulus declines with temperature and does not show an increase 
at high temperature, curve (b). A second cycle reproduces the first one, but a decrease by 
a factor of almost 2 is observed, curve (c).  
100 mm 
A
10 mm 
B
Figure 2.17: Micrographs of the EB-PVD ceramic coating: 
 A) cross-section; B) surface view. 
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In order to predict the service life of a TBC system the evolution of the 
thermoelastic properties has to be known. Accurate determination of the thermal 
expansion coefficients as function of temperature is a prerequisite for improvements of 
the thermal barrier systems. The influence of the given microstructure on the 
thermoelastic properties and the elastic behavior of the multilayer system was interest in 
present work of particular for both processing variants of the TBC (PS and EB-PVD).  
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Figure 2.18: Stiffness of EB-PVD top coat on Ni alloy substrate vs. temperature: 
a) <100> orientation, 1st heating cycle; b) <110> orientation, 1st heating cycle; 
c) <110> orientation, 2nd heating cycle [108]. 
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III. EXPERIMENTS 
 
 
III.1. Specification of Tested Specimens and Materials 
 
III.1.1. Specimen characteristics 
 
 
The curvature experiments were 
performed using specimen with geometry bend 
bar, figure 3.1. Two types of multilayer 
specimen (i.e. with bond coat and with bond 
coat and PSZ top coat) were employed. For all 
specimen variants the presence ration d << l 
was given, where d is total thickness and l is 
the length of the specimen, figure 3.2. In Table 
3.1 the geometrical modifications of the tested 
samples are listed with the nomenclature used 
for the each variant. The first specimen geometry (type A) had a NiCoCrAlY bond coat 
layer on the superalloy substrate. The second specimen geometry (type B), had in addition 
a ceramic top coat ZrO2+(7¸8%)Y2O3. The thickness of the EB-PVD bond coat and EB-
PVD top coat (the thermal barrier layer) were 150±50 mm and 200±50 mm, respectively. 
Figure 3.1: Specimen geometries used for curvature studies, type A: 
substrate + bond coat, type B: substrate + bond coat + ceramic top coat. 
 
b 
Type A 
 
H 
hbc 
htc 
d 
l 
Type B 
Figure 3.2: Macrographs of the as-received 
specimen variants A7, A8 and A9. 
10 mm 
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Note that the thickness of the VPS bond coat was 150±50 mm too, but the thickness of the 
APS ceramic top coat was large, 300±50 mm.  
 
Table 3.1: Specimen classification and thickness of layers. 
Sample variant Substrate▪BC▪TC H [mm] hbc [mm] htc [mm] 
A1 CMSX-4▪VPS 0.51 
A2 CMSX-4▪VPS 0.81 
0.09 - 
A3 CMSX-4▪PVD 0.35 
A4 CMSX-4▪PVD 0.35 
A5 CMSX-4▪PVD 0.85 
- 
A6 CMSX-4▪PVD 1.35 
 
0.15 
 
 
A7 N90▪PVD 0.3 
A8 N90▪PVD 0.5 
A9 N90▪PVD 0,8 
0.2 - 
B1 CMSX-4▪VPS▪PVD 0.4 
B2 CMSX-4▪VPS▪PVD 0.4 
B3 CMSX-4▪VPS▪PVD 0.9 
B4 CMSX-4▪VPS▪PVD 1.4 
0.12 0.28 
B5 CMSX-4▪VPS▪APS 0.4 
B6 CMSX-4▪VPS▪APS 0.4 
B7 CMSX-4▪VPS▪APS 0.9 
B8 CMSX-4▪VPS▪APS 1.4 
0.15 0.35 
B9 N90▪PVD▪PVD 0.3 
B10 N90▪PVD▪PVD 0.5 
B11 N90▪PVD▪PVD 0.8 
0.02 0.2 
B12 N90▪PVD▪PVD 0.3 
B13 N90▪PVD▪PVD 0.5 
B14 N90▪PVD▪PVD 0.8 
0.1 0.2 
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For the specimens of type A a very thin (~0.5 mm) layer of Al2O3 was observed on 
the bond coat surface using SEM microscopy. A similar alumina scale could be detected at 
the interface between the bond coat and the ceramic top coat in type B specimens. This 
thermally grown oxide (TGO) formed as a result of bond coat oxidation during the heat 
treatment procedures and top coat deposition. Considering the small thickness of the TGO 
compared to the other layers, it was neglected in the thermoelastic analyses of present 
work. 
 
III.1.2. Thermomechanical properties of Ni-based superalloys 
 
The coatings were deposited on two different nickel based superalloy substrates 
(CMSX-4)2 and Nimonic90 (2.6432). The compositions of both superalloys are given in 
Table 3.2. 
Table 3.2: Chemical composition (wt.%) of Ni-based superalloys used as 
substrates . 
 
Single crystal superalloys have been used for more than 30 years as materials for 
aero-engine turbine blades [109, 
110], because of their high 
temperature creep resistance. To 
obtain a creep resistant 
microstructure the alloys is given a 
special heat treatment. The 
recommended procedure of heat 
treatment for CMSX-4 alloy is: 
0.2(3;6)h at 1280(1290;1305)oC and 
6h/ at 1140oC in vacuum [56].  
 Ni Co Cr Al Mo Ti Other 
CMSX-4 Bal. 9 6.5 5.6 0.6 1 6W,6.5Ta,3Re,Hf 
Nimonic90 Bal. 16.5 19.5 1.5 - 2.5 Mn, Si, C,B,Zr 
Figure 3.3: Microstructure of CMSX-4 after 
standard heat treatment [111]. 
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The typical microstructure of CMSX-4 after this heat treatment is shown in the 
TEM image of figure 3.3. The microstructure consists of cuboidal 'g  precipitates of the 
L12 structure embedded in an FCC matrix of g  material. The precipitates are coherent and 
have a volume fraction of 70% in the alloy.  
In order to establish the thermoelastic behavior of the multilayer systems and to 
determine the high temperature properties of the deposited coatings, the properties of the 
substrate materials have to be known. Thus one of the important prerequisites for validity 
of the results in the present work is the accuracy of the thermo-mechanical properties used 
for the substrates. According to Fahrmann et al. [113] who measured the data by beam 
resonance technique, figure 3.4, the elastic modulus for the superalloy have been found to 
decrease by 30% with increasing temperature from ambient up to 1000oC. The elastic 
behavior of CMSX-4 was also investigated by the other methods showing quite similar 
results.  
__________________________________________________________________ 
2CMSX-4 is the registered trademark of Cannon-Muskegon Corporation;  
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Herzog [112] reported values of the elastic modulus as a function of temperature 
for the different crystallographic orientation of the CMSX-4 superalloy, figure 3.4. A 
strong dependence on crystallographic orientations is noticeable.  
The results confirm that the Young‘s modulus obtained from measurements of 
anisotropic solids, such as single crystals, show a strong dependence on orientation. 
Considering the values in figure 3.4 it is important that the <001> in-plane modulus of the 
CMSX-4 substrate is taken for the thermal mismatch calculations.  
The other substrate material, Nimonic90, is a wrought nickel-chromium-cobalt 
based alloy, strengthened by addition of titanium and aluminium. It has been developed as 
an age-hardenable creep-resistant alloy for service at high temperature. The recommended 
heat-treatments consist of 8h at 1080oC; AC (air cooling) and 16h at 700oC in AC [57, 
53]. The typical microstructure of the Nimonic90 alloy after the recommended heat-
treatment corresponds to a continuous g  matrix (FCC phase) that usually contains a high 
percentage of solid–solution elements (table 3.2). There are number of 'g  precipitations 
due to addition of aluminium and titanium, which have fcc-symmetry (Ni3Al,Ti), The 
precipitates are coherent with the austenitic matrix. A small amount of grain boundary 'g  
precipitations could also present. The latter are pronounced after heat treatment and 
service exposure and improve rupture resistance.  
The temperature dependence of the thermoelastic parameters of Nimonic 90 
summarized in table 3.3.  
Table 3.3: Thermomechanical properties of Nimonic 90 superalloy [63]. 
T [oC] 20 200 300 400 500 600 700 800 900 1000 
E [GPa] 182 177 171 165 158 153 145 137 125 114 
ax10-6 [1/C] 11.5 12.4 13.1 13.5 14.1 14.6 15.5 16.5 17.6 18.95 
 
In case of a biaxial stress state, e.g. a deflected plate the Young’s modulus, E, has 
to be replaced by E/(1-n) where n is Poisson’s ratio. Note that, for the CMSX-4 
superalloy a variation of n = 0.25¸0.37 has been observed experimentally as a function of 
temperature [112]. In the following analyses the variation in n is not taken into account, 
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i.e. n = 0.3 is close for the Ni-based superalloys. The influence of Poisson’s ratio is not 
expected to be significant in comparison to other sources of scatter and error.  
 
With respect to temperature dependence, the experimental data of the coefficients 
of thermal expansion (a ) from figure 3.5 and table 3.3 were fitted with the following 
relations [112, 63]:  
CMSX-4 
a x10-5(T)=5.0476 10-7 T2 - 2.9626 10-4 T + 1.2594 (Stamm);  
a x10-5(T)=1.5549 10-7 T2 + 2.6288 10-4 T + 1.1425 (Herzog);  
Nimonic 90 
a x10-5(T)=5 10-7 T2 + 3 10-4 T + 1.1637 (DLR); 
Note, that the result is obtained in [ppm/C]. Finally, in figure 3.5 the temperature 
dependencies of the a  for CMSX-4 superalloy and Nimonic90 are plotted together.  
The thermoelastic analysis used for the determination the material properties of the 
coatings is based on linear elasticity theory. The analyses have also to take into account 
Figure 3.5: Coefficient of thermal expansion as function of temperature for the 
two different Ni-based superalloys used as substrate material [112, 63]. 
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that deposition of the coatings happens at high temperature and that the thermal barrier 
system is given various heat treatments. Consequently, the experimental details of the 
thermal history during and after the deposition process are presented in following section. 
III.1.3. Experimental details of specimen preparation by Electron- 
Beam Physical Vapor Deposition process (DLR, Cologne)  
 
All EB-PVD coating activities were carried out at DLR Cologne, Germany. 
Specimen preparation for the thermomechanical tests started with plates of CMSX-4 
superalloy (4 mm thick). The plates were ground with SiC paper up to 400 grit and 
electron-beam welded to a CMSX-4 pin holder to enable sample rotation during EB-PVD 
processing. The CMSX-4 specimens were uniformly coated with a 100 to 120-mm-thick 
PWA 270 bond coat of in a 60 kW Leybold EB-PVD coater equipment. The chemical 
composition of the PVD bond coat is listed in table 3.4. 
Table 3.4: Chemical composition (wt.%) of NiCoCrAlY bond coats.  
 Ni Co Cr Al Y Other 
PWA 270▪PVD 48.1 21 18 12.7 0.17 - 
PWA 286▪VPS 48.5 21.1 17.1 12.7 0.61 0.04(O) 
 
The PVD bond coats were bead peened on the BC surface and subsequently vacuum 
annealed for four hours at 1080oC to recrystallize the columnar microstructure and to 
establish a dense and uniform alumina scale on top of the bond coat required for good 
bonding of the ceramic top layer.  
In case of the complete thermal barrier system, samples were additionally coated 
with a 200-280 mm thick top coat of 6.5-7.2 wt% Y2O3-ZrO2 containing about 1.8 wt.% 
HfO2. The deposition of ceramic top coat was carried out in a larger ESPRI 150kW coater. 
After preheating the plates by radiation in a separate chamber, they were rotated in coating 
chamber to achieve a uniform thickness distribution. The rotation speed of individual 
samples was between 4¸30 min-1, condensation rates were 5¸7 mm/min. During deposition 
of YSZ top coat the average substrate temperature was adjusted between 980 and 1040oC 
and kept constant for each batch. To achieve stoichiometric zirconia a controlled amount 
of oxygen was bled into deposition chambers. The individual steps of heat-treatment 
accompanying the EB-PVD process are indicated in figure 3.6 for a specimen with 
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CMSX-4 substrate. The samples with Nimonic90 substrate were not heat treated before 
bond coat deposition and only had an annealing of 4h/1080oC after BC deposition. All 
heat treatments have been performed under vacuum conditions with a heating rate of 20 
K/min and a cooling rate of 150K/min in argon ambient.  
 
III.1.4. Fabrication of the NiCoCrAlY and YSZ coatings by Vacuum 
and Atmospheric Plasma Spraying technique (FZ - Juelich) 
 
All plasma spraying processes for coating deposition were performed at 
Forschungszentrum Juelich, IWV 1, Germany. A few plates of CMSX-4 were coated by 
vacuum plasma spraying with a NiCoCrAlY layer (table 3.4) using an F4 gun type SM A 
3000 SULZER METCO. The material is deposited in lamellar layers on the substrate. The 
maximum plasma temperature that can be achieved is about up to 20.000 K. Variation of 
the spaying parameters produces different microstructures of the coatings. The bond coat 
was sprayed under 60 mbar Ar- atmosphere on the substrate, which was kept at 
temperature of about 850oC. A standard heat-treatment procedure by diffusion annealing 
during 4 hours at 1080oC and precipitation annealing 20h/870oC followed. After that heat 
Figure 3.6: Sequence of heat-treatments related with EB-PVD deposition of bond 
coat and top coat. 
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treatment the specimens were ready for TBC deposition. The YSZ ceramic top coats were 
produced by atmospheric plasma spraying (APS) of METCO 204NS powder (table 3.5) 
with SULZER METCO.  
Table 3.5: Chemical composition of Metco 204 NS powder for TBC, (FZJ) [114].    
 
Parameters of both, the vacuum- and the atmosphere- spraying process can be 
found in the table 3.6. All samples were cooled during the coating by the compressed air. 
In addition the CMSX-4 plates were cooled from the substrate side, thus the coating 
temperature could be kept at about 250±50oC. The resulting bond coat and YSZ top coat 
thicknesses were determined to be in the 150-200 mm and 250-300 mm range, respectively. 
The complete thermal history including the plasma spraying processes followed the 
scheme outlined in, figure 3.7. The aging times of 4h at 1080oC and 20h at 870oC were 
estimated to be sufficient to approach the phase equilibrium condition at these 
temperatures.  
Table 3.6: Plasma spraying parameters [98, 112]. 
 NiCoCrAlY (VPS) YSZ (APS) 
Gun type METCO, F4 gun METCO, triplex gun 
Current 715A 300A 
Arc capacity 50kW 50KW 
Primary Gas Ar (50 slpm) Ar (20 slpm) 
Secondary Gas H2 (9 slpm) H2 (13 slpm) 
Powder Carrier Gas N2 (1.7 slpm) N2 (1.5slpm) 
Spray Distance 275 mm 90 mm 
Element ZrO2 Y2O3 HfO2 Al2O3 CaO MgO SiO2 TiO2 CeO2 Fe2O3 
Wt.% 91.4 
(±2.1) 
7.78 
(±0.08) 
1.62 
(±0.04) 
0.053 
(±0.043) 
0.015 
(±0.004) 
<0.002 0.019 
(±0.007) 
0.113 
(±0.045) 
0.024 
(±0.027) 
<0.003 
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III.2. Experimental Procedures of Measuring the Mechanical 
Properties for Coating Components 
 
With the appearance of thin film coatings in field of microelectronics and thicker 
thermal protection coatings in energy conversion system, the determination of properties 
and residual stresses in these this systems become a very important question. Residual 
stresses are occurring in practically every multilayer composite material as a result of 
insufficient thermal compatibility. These residual stresses have to be known when 
developing new advanced coating materials.  
A convenient way of residual stresses determination is based on experimental 
curvature tests, which allow to utilize the Stoney formula [115] reported in 1909. This 
relationship is commonly used for thin film coatings on substrates with a thickness ratio of 
1:100. Only the thermoelastic properties of the substrate are needed to determine the stress 
in thin film coating. However, when the thickness of coating is greater than 1/100th of the 
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Figure 3.7: Sequence of heat-treatments related with plasma spraying of bond 
coat and top coat. 
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substrate, the thin film approximation is no larger correct, and a different relationship is 
needed to determine residual stresses in coatings.  
A number of experimental techniques have been developed to assess these residual 
stresses. These techniques can be divided into destructive and nondestructive: 
Destruct ive: 
§ Material removal, which changes the strain and curvature of multilayer 
specimens with planar or cylindrical geometry as well established [116-
118]; 
Non-destruct ive:  
§ In-situ measurements of strain and curvature during thermal spray or 
epitaxial growth of the thin surface films [119-121]; 
 
§ X-ray or neutron diffraction to scan the changes in lattice parameters, from 
which a magnitude of the stresses can be obtained [122-124]; 
 
§ Optical fluorescence, in which the piezo-spectroscopic effect is utilized to 
determine the residual stresses in optical transparent materials [125, 126]; 
 
A major limitation of stress assessment techniques, such as layer removal or 
drilling holes, is that such machining procedures can induce additional surface stresses, 
which may alter the stress situation. Furthermore, mechanical grinding is difficult to carry 
out uniformly in a multiphase material. Alternative procedures to remove the coating, by 
the electro-chemical polishing cause less stresses but are more tedious to perform. Also 
the chemical polishing process can cause preferential and non-uniform chemical attack in 
a multiphase coating.  
Experimental difficulties in performing in-situ measurements during the deposition 
process may interfere with other restrictions in many cases. A new experimental device 
has recently been reported which was developed on the bases of previous curvature 
measurements [120]. Similar equipment allows to carry out the in-situ measurement of 
curvature during the deposition process, however limitations in reliability are induced by 
thermal spraying conditions that have to be considered.  
Diffraction studies are also commonly used to characterize residual stresses in 
coating materials. X-ray diffraction is limited by the penetration depth of the X-rays, 
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which is typically limited to a few micrometers only. Synchrotron X-ray radiation has an 
increased penetration depth into the coating layer, but is experimentally less readily 
available. The neutron diffraction method provides a large depth of penetration, however, 
in addition to being a fairly expensive technique, these neutron diffraction studies are 
limited in spatial resolution.  
Choosing an appropriate experimental approach, bears many factors that need to be 
considered. Each method has specific requirements on the materials, specimen geometry, 
instruments and the evaluation procedure. They also differ in the character of the received 
results [127]. The advantages and disadvantages of the methods are summarized in table 
3.7.  
One of objectives for the present work is to demonstrate the potential of the 
curvature method for determining properties and residual stresses of thermal coatings in 
multilayer systems. In-situ observation of curvature behavior and analytical tools 
developed for this purpose are applied [128]. Experimental validation of this method is 
provided for coatings with different thickness produced by EB-PVD and VPS/APS 
deposition techniques. The observation equipment allows to measure the changes of 
properties as a function of temperature. In addition, some experimental residual stress data 
have been obtained by X-ray diffraction measurements. Comparison of the residual stress 
obtained from the different determination methods will be presented in chapter V. 
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Table 3.7: Comparison of different methods to determine thermoelastic properties and residual stresses [129, 117]. 
Material removal/hole-drilling Neutron diffraction X-ray diffraction Curvature test 
Average in-plane value from small 
area 
 
Requires limitation in thickness of 
substrate and coatings 
 
The specimen surface has to be 
flat; Evaluates stresses near the 
surface of the layer  
Can deconvolute quenching and 
thermal stresses, if the material 
properties are known 
 
Can determine results for through-
thickness residual stress with 
removal material 
 
Time and cost are of importance 
 
Phase distinctive 
 
 
Requires thicker coatings 
 
 
No limit on size; but resolution 
limited to millimeter scale 
 
Can deconvolute quenching and 
thermal stresses, if the material 
properties are known 
 
Can determine stress profile in 
thick coatings without removal 
 
 
Relatively complex expansive 
and time-consuming 
experimental procedure 
Phase distinctive 
 
 
No requirements on thickness  
 
 
Gets information only from 
surface of the layer (»10 mm) 
 
Can deconvolute quenching and 
thermal stresses, if the material 
properties are known 
 
Cannot be applied to depth 
without material removal 
 
 
Relatively simple procedure 
 
Integrated value from layer 
 
 
Requires relatively thin substrate 
 
 
Can resolve behavior of 
individual layer in multilayer 
composite 
 
Can separate quenching and 
thermal stresses by relatively 
simple procedure 
 
Can determine stress profiles 
when specimens of different 
thickness are prepared 
 
Relatively simple experimental 
setup 
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III.3. Experimental Set-up and Testing Procedures  
 
III.3.1. Specimens preparation 
 
To measure the curvature of the multilayer systems, specimens with substrate 
thickness, H, between 0.5 and 1.35 mm were used. Both for in-situ observation during the 
curvature experiment and for investigation of the microstructure of coatings a cross-
section view was obtained by polishing the side face of each sample. For this purpose the 
composite strips were wrapped in an aluminum foil and embedded in resin (Tehnovit 4071 
in suitable weight proportion). The tentative observation side face was polished using SiC 
paper and diamond paste down to 1 mm in a final step. After polishing the specimen was 
released and cleaned in a ultrasonic bath with acetone. In addition to the three layer 
composites, samples free of the top coat were used for determination of the thermoelastic 
properties of the VPS bond coat. The removal of the ceramic top coat was achieved by 
grinding with 120 SiC paper. 
 
III.3.2. In situ measurements of multilayer curvature 
 
A coated specimen exposed to temperature exhibits curvature changes as a result 
of thermal mismatch stresses. The theoretical aspect of isothermal curvature of a 
multilayer component will be elaborated in chapter IV. The experimental activities were 
based on in-situ observation of the change of curvature during thermal cycling. Figure 3.8 
shows the equipment used for the tests.  
Specimen strips of the multilayer composite were placed inside a furnace and 
heated between room temperature and 1000°C. The temperature was monitored 
throughout the experiments by means of a thermocouple, Pt/PtRh type B with an accuracy 
of about ±1oC. 
The change of curvature of the tested sample was observed from the polished cross 
section surface through a window port of the furnace during heating and cooling. The 
contour of the specimen strip was measured using a short distance telescope (Questar QM 
100) in combination with a high resolution camera (ADIMEC MX-12). The resolution of 
the telescope was 2 mm, the optical resolution of the camera 1000x1000 pixels. The 
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position of the traveling telescope was monitored for since is was mounted on a x-y 
translation stage with joy-stick controlled motion. Following with microscopic resolution 
the contour of the specimens, the coordinates of at least 10 locations were measured. 
Assuming that the specimen contour can be approximated by the circumference of a 
circle, the coordinates of three points were selected from the ten contour locations. The 
radius of curvature was calculated using simple geometrical relation.  
The measurement of curvatures was performed as a function of temperature in air 
ambient. The observation method allows to measure curvature ³ 0.01 m-1. Experimental 
scatter and error of the measurements varied between 0.02 m-1 and 0.1 m-1. At high 
temperature stochastic turbulences made focusing more difficult and the measured 
position had to be controlled more thoroughly.  
At lower temperature the curvature of the multilayer system reflects the 
thermoelastic behavior of the multilayer composite material. Thus the expansion 
coefficient, elastic modulus and the residual stresses can be determined unambiguously. 
This aspect will be discussed in chapter IV. Experimentally, comparable thickness of 
coating and substrate is advantageous for obtaining large curvature, but the coating 
thickness then has to be explicitly accounted for [130]. If the coating is much thinner than 
 specimen 
telescope 
high 
resolution 
video system 
cursor 
digital position 
measurement 
Figure ???? Connection of the apparatuses for in-situ 
observation of curvature behavior. 
Figure 3.8: Telescope system for in-situ observation of 
curvature behavior. 
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the substrate, the thin-film approximation can be considered [131]. However, the 
curvature tends to be small and is difficult to measure with high accuracy. In order to 
obtain high sensitivity in measurements, the specimens were designed to exhibit a 
relatively large curvature. 
 
III.3.3. Determination of elastic behavior from four point bending test 
In order to obtain the values of the elastic modulus for the bond coat and the 
stiffness of the top coat at room temperature for thin coatings materials, a set of four-point 
bending tests was carried out, using the miniaturized loading equipment with L = 25 mm 
and a = 7.5 mm, figure 3.9.  
Figure 3.9: Schematic of the 4-point bending geometry used to determine of the 
elastic modulus of bond coat and the stiffness of the top coat; load-deflection 
curve for specimen A1. 
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Young’s modulus of the coating was deduced from the overall deflection of the 
specimens under bending. The maximum applied load was well below the level at which 
substrate or coating material was expected to exhibit yielding or damage. Respectively, 
the load was only increased up to 20 N. The load-deflection curve was measured (figure 
3.9) with the deflection at the center position of load application. The information from 
the experimental load-deflection curve was converted into a value for the effective 
Young’s modulus using [130, 136]: 
dD
DP
bd4
)a4L3(a)*EI( 3
22 -
=        (1) 
where b is the width of the tested sample, d is the total thickness and 
dD
DP
 is the slope of 
the load-deflection curve. The product (EI*) represents the flexural rigidity of the 
composite. Equation 1 is only valid for linear elastic behavior. In chapter IV an extension 
of the equation will be provided for a layered system. Each four-point bending test was 
carried out three times. The average and standard deviation of the coating stiffness was 
calculated from these results.  
 
III.3.4. X-Ray Diffraction (XRD) 
 
A XRD Siemens-diffractometer, type D5000, equipped with a rotating sample 
holder was used to analyze structural changes in the sequence: as-received, oxidized and 
heat-treated specimens. 
Preliminary XRD measurements with conventional laboratory instrument were 
performed with Phillips X’Pert MRD diffractometer with Cu-K, primary Kb-filter from 
Ni-foil. The phase composition was obtained with the same device focusing on the central 
part of the interesting coating. The detection of the different phases was carried out with a 
diffraction angle 2q between 30o and 150o, with maximal anode voltage 40kV and 50mA 
current. Areas of measuring 1mm x 1mm (stress measurement) and 2mm x 2mm (texture 
measurement) were examined. In order to obtain texture and phase composition of the 
coating, polfigures with 5o steps from (111), (200), (220), (620) and (331) reflexes were 
determined. All measurements were performed at room temperature.  
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The residual stress evaluation by the X-ray method is based on determination of 
lattice spacing. Following a translation of the strains in magnitudes of stresses an 
estimation of residual stresses becomes possible. For the quantitative estimation of the 
stresses, the 2-axis stress condition was used, which appears reasonable considering the 
shallow depth of penetration of CuKa (about 10 m). The direction j=0° was chosen 
perpendicularly to longitudinal axis of the sample. The XRD stress analysis has some 
limitations, e.g. if a strong “orientation effect” is observed. Difficulties in determination of 
the reflex position in the texture then arise. Although XRD is a useful tool to estimate the 
residual stress in coatings, the results need to be validated with other methods.  
 
III.3.5. Scanning Electron Microscopy (SEM) 
 
SEM microscopy is one of the most important high resolution techniques available 
in material investigations, visualization and analysis. In the frame of the present work two 
SEMs were used: 
o Scanning electron microscope LEO 1530 (Gemini) with a INCA 400 EDX- 
analysis system which permits high resolution images at low operating 
voltages – 3nm at 1kV. 
Generally, SEMs are equipped with an Energy Dispersive X-ray (EDX) analysis 
system for analyzing the distribution of elements. In the present work the element 
distributions of the multiphase bond coats was measured with: 
o Scanning electron microscope LEO 440 (Stereoscan), with a ISIS 300 
EDX-analysis system of Si(Li)-crystal and a Macrospec 400 WDX 
spectrometer with 4 crystalls of: Lithium Fluoride (LiF(200)), 
Pentaerythriol (PET), Thallium acid phthalate (TAP) and Ni-C (LSM-080).  
 
 
 
III.3.6. Quantitative determination of phase composition from SEM images 
 
The analysis of phase contents from distribution images was achieved with the 
commercial image processing routine AnalySIS 3.2 (Soft Imaging System GmbH).  
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The 8bit-greyscale pictures were analyzed with respect to each pixel, than divided 
depending on grey scale intensity, from black to white with levels between 0 and 255. For 
the selected area the frequency of greyscale levels can be represented in view of a 
histogram. Due to differences of the reflex intensity of the different phases in the 
superalloy, distributions become in the histogram. Furthermore, the phases can be better 
visualized defining grey scale regimes and attributing specific palette.  
Figure 3.10 shows an example the microstructure of the bond coat PWA 286 has 
three phases indicated by different coloring. The grey level from 0 to 141 was defined as 
green ( b -phase) and from 141 to 225 as-grey (g  phase). The small amount of light spots 
in the SEM-micrographs has been attributed to greyscale values above 225 and was 
colored in yellow (s phase). The analysis of each SEM micrograph from the bond coats 
PWA 286 and PWA 270 was repeated three times using the same color code. The average 
value of phase content and the standard deviation were calculated.  
 
 
 
 
 
Figure 3.10: SEM micrograph of PWA 286 bond coat in as-received 
condition. Colored phase distribution generated from SEM image by 
AnalySIS 3.2  
(grey: g -phase, green: b -phase, yellow: s -phase). 
3 mm 3 mm 
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IV. THEORETICAL ASPECTS 
 
IV.1. Isothermal Mechanical Bending (planar geometry) 
 
The theoretical analyses and experimental investigations of the elastic behavior of 
composites consisting of dissimilar material layers play equally important roles. In this 
chapter theoretical relationships are derived, which only apply exactly if material 
properties of substrate and coatings are free of any variation. However, reality of the 
multilayer thermal barrier systems is not free of material variation due to small deviation 
in processing and specimen preparation. Microstructure and properties may show subtle 
difference from one material to the other. From this fact, the expectation of obtaining an 
exact solution for the thermoelastic case of residual stresses in a multilayer sample is 
slightly unrealistic. Nerveless combination of experimental results and theory has 
undoubted merits. 
The first analytical model for elastic thermal stresses in a bilayer system was 
derived by Timoshenko [132]. The analysis was based on bending theory, where the pair 
of equal and opposite forces generates a bending moment. The bending moment is related 
to the curvature of the layer, and both layers were assumed to have the same curvature. 
The solution for the magnitude of the curvature is obtained by balancing the forces and 
Figure 4.1: Schematic depiction of the bending in material.  
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moments in the system and satisfying the strain continuity condition at the interface 
between the two layers. For the planar geometry of a bended sample, the radius of 
curvature can be expressed by:  
,na
2
t
f8
L
2
fR -+=          (2) 
where the radius of curvature, R, correlates with deflection, f, and the original length, L, 
of the specimen (figure 4.1). The position of the neutral axis, tna, with zero deformation, 
depends on geometry and mechanical properties of the materials. Details of the relation 
between curvature thermoelastic behavior curvature and residual stresses are elaborated 
next. 
 
IV.2. Modeling of the Thermoelastic Curvature of a Multilayer 
Coating System 
 
Consider now a sample of n-layers with planar asymmetric geometry. The 
thickness of the base material (substrate) is, H and h1,h2…hn are the thickness values of 
the coating layers 1, 2…n, respectively. The system experiences a temperature change 
TD  (negative for cooling), so that the thermal strain, 
ithe , for layer i, if separated 
becomes: 
ò=
T
T
ith
0
i
,dT)T(ae          (3) 
where )T(ia  represents the temperature dependent coefficient of thermal expansion 
(CTE) of layer i. T and T0 are the highest and lowest temperature of the heat treatment, 
respectively. It separated the layers change length according to Eq.(3). However, in a 
composite the change of strain has to be continuous and balanced at the interface. In the 
new condition of balance, the thermal strain ( the ) is added to the bending strain ( be ), i.e. 
the strain distribution in the system can be considered as a uniform and a bending 
component. Details of this approach have been discussed previously [133, 134]. Because 
of the asymmetric geometry, the stress distribution in the system is asymmetric which, in 
turn, results in bending of the system.  
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From bending theory, the bending strain component is proportional to the distance 
from the neutral axis and inversely proportional to the radius of curvature. Hence, the 
strain distribution in the system under the thermal load related with the temperature range 
[T0; T] can be formulated as [134]: 
 
,c
R
ty
R
ty)y(
0T
na
T
na
b +
-
-
-
=e  å
=
+££
n
1i
ihHy0    (4) 
where c is the uniform strain component, y dictates the location of the neutral axis 
relatively the reference point. Zero bending strain defines the location of the neutral axis. 
Assuming entirely elastic behavior of the multilayer system, Hook’s law can be applied to 
calculate the stress, which arises in a layer at the location y. The summarized stresses in 
location y due to thermal bending can be determined from Eq.(3) and (4), such that:  
           (5) 
where 0s  is the initial stresses at temperature oT . 
 
The coordinate system3 is defined such that the bottom surface of the substrate is located 
at y=0. Imposing the misfit strain generates a pair of equal and opposite forces and thus a 
bending moment (figure 4.2). In must be remarked once more, that since the tested system 
has a planar geometry, the Young’s modulus iE  should be replaced by biaxial modulus 
)1/(E ii n-  where in  is Poisson’s ratio. 
 3 In previous work, y=0 has often been defined at the interface substrate/layer1; 
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Figure 4.2: Schematic representation of bending moment by a pair of equal 
but opposite forces. 
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The stress distribution in a multilayer composite is obtained upon solution of the 
three parameters, c , nat  and R . The first parameter is determined from the total force 
equal to zero: 
 
    (6) 
 
With boundary conditions the uniform strain component, c , can be deduced from Eq. (6), 
as: 
 
 
     (7) 
 
 
here the subscripts s  and i  denote the substrate and coatings, respectively. The position 
of the neutral axis, nat , can be derived from setting the bending strain component equal to 
zero: 
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The position of the neutral axis as a function of geometry, ( H , ih ), and the 
thermomechanical properties of the base material and coatings, ( sE , iE ) becomes from 
Eq. (8): 
 
 
            (9) 
 
 
The radius of curvature ( R ) is obtained from the sum of the bending moments equal to 
zero: 
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A solution of Eq.(10) has been derived as [80]: 
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Following the previous notion 1i =  describes the substrate, i.e. s1 EE = ; 
Hh1 = . The curvature is defined to be positive if the coatings are on the convex side. 
With equation (11) the change of curvature can be calculated as a function of temperature. 
Also geometrical and thermoelastic properties of the layers can be obtained. Inversely, if 
the experimentally observed curvature behavior of the multilayer composite agrees with 
the one predicted from equation (11) then the multilayer system demonstrates elastic 
behavior.  
From the inverse analysis of elastic curvature behavior it is also possible to 
determine properties of individual layers. This aspect will be discussed in the following 
section. The thermoelastic relationships also allow to calculate the through thickness 
stresses distribution in the multilayer composite. From equations (5), (7) and (9) follows: 
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where )
R
1
R
1(
0TT
-  is the result of Eq. (11). The general solutions for the stress 
distribution in the system are obtained with the solution of the c , nat , and R , which are 
combinations of the temperature-dependent thermoelastic properties of the layers. 
IV. Theoretical aspects 
 78
The above model is relatively simple, compared to most numerical models in 
literature [96, 135, 116]. A clear view of how stresses build up during thermal loading of 
the multilayer systems is obtained. Moreover the analytical model can be used to 
determine the properties ( ia , iE ) as a function of temperature, if these are not known for 
a specific layer i  in the multilayer composite. 
 
IV.3. Thermoelastic Properties of Multi-Layered Coatings 
 
IV.3.1. Evaluation of the bond coat properties 
The general multilayer approach in the previous section is now specified for two 
layers (substrate plus bond coat) and then further extended to the three layers (substrate, 
bond coat and ceramic top coat). Assuming that Young’s modulus and thermal expansion 
coefficient of the substrate material are known, then the global properties of each 
deposited layer can be determined as a function of temperature as outlined in the previous 
section. Thermal loading and curvature measurements can be carried out, simultaneously, 
as realized stepwise in the present work.  
First the bond-coat properties were obtained by testing specimens without the top-
coat layer. Then, assuming substrate and bond coat data as being known, the ceramic top 
coat properties were determined. Consider a homogenous coated substrate in the form of 
an elastic plate or beam with thickness, H , Young’s modulus )T(Es  and coefficient of 
thermal expansion )T(sa  known as a function of temperature.  
s u b s t r a t e  
d e p o s i t e d  l a y e r  
H  
h b c  
Figure 4.3: Schematic representation of two-layer sample  
after deposition of coating. 
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Now consider the deposition of a new layer with thickness, bch , on the substrate 
for which the thermoelastic properties have to be determined. The total thickness of the 
sample now is bchHd += , (figure 4.3). 
The change of curvature )11(
0TT RR
-  for this two-layer system can be measured 
as a function of temperature applying the curvature test described above. On the other 
hand, the magnitude of curvature can be also calculated theoretically from Eq. (11). 
Adoption of the two-layer system yields the simplified equation: 
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As parameters the final, T , and the initial temperature, oT , (negative in case of 
temperature decrease); the biaxial Young’s modulus for the substrate and bond coat layer, 
{ sE , bcE } and the respective coefficients of thermal expansion, { sa , bca } enter in the 
equation. Again { sE , bcE } may be replaced by the biaxial moduli, 
{ )1/(E ss n- , )1/(E bcbc n- }. It is the also worth noting once more that the variation 
of the Poisson’s ratio in  as a function of temperature is not taken into account. The 
geometry is considered by the thickness of the substrate and bond coat, H , bch , 
respectively. If, for example, the thermal expansion of bond coat is unknown (parameter 
bca ) then equation (13) can be rewritten as: 
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A similar relation holds if bcE  is unknown: 
65bc4
2
bc321bcbc AAAAAAE -++-= aaa             (14b) 
 
where A1¸A6 are terms expressed as combination of substrate elastic modulus, CTE of 
substrate, measured curvature and geometry of each layer within in the temperature range 
{ T;T0 }. Even, if both values of Young’s modulus and CTE are not available 
simultaneously a determination from curvature tests can still be carried out. For this 
purpose curvature tests with variation of the substrate thickness are needed.  
 
IV.3.2. Algorithm of curvature analysis in case of unknown bond coat 
properties 
In order to determine the thermoelastic properties of a coating layer as a 
function of temperature, the curvature test has to be carried out with specimens of 
different substrate thickness. It is assumed that the layer behaves as a homogeneous, 
isotropic, linear elastic material. Furthermore the thermoelastic properties, sa , sE  of 
the substrate are known as a function of temperature [112]. The thickness of the 
substrate and coating can be measured on the polished side face of the specimen. The 
relationship between bca  and bcE  is derived from Eq. (14a). A solution is found, if 
the bca - bcE  relations for specimens of different substrate thickness are solved. The 
number of specimens with variation of substrate thickness defines the quality of the 
results. Curvature experiments have to be available with distinguished differences in 
thickness of the substrate iH . The subscript i indicates specimens with different 
substrate thickness. The procedure described above is summarized in the flowchart of 
figure 4.4. 
In general, the analysis gives for a specific temperature a set of equations.  
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where the index i denotes the number of the specimen with different thickness 
of substrate used in curvature tests. 
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Figure 4.4: Flowchart demonstrating the procedure to calculate CTE as a function of 
Young’s modulus (bond coat). 
 
Measured: H, bch  
From curvature test: T
RR TT
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Known substrate properties: sa , sE  
 
Eq.(14a) for different substrate thickness, i=1,2…n; 
 
Relations (15); 
 
Solution provides { bca , bcE } 
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It should be noted that two specimens with different substrate thickness are in 
principle sufficient for solving two equations with the two unknown parameters. 
However using more than two different values of substrate thickness leads to a greater 
reliability of the results.  
The method used here can be visualized with the aid of figure 4.5. For a given 
temperature the CTE is plotted as a function of elastic modulus for three samples with 
different substrate. Intersection (crossing) of the curves provides the solution of the set 
of the three equations. 
 
IV.3.3. Evaluation of curvature behavior in case of unknown ceramic 
top coat properties 
A ceramic layer of thickness of tch is now deposited on the bond coat such that the 
total thickness of the specimen becomes tcbc hhHd ++=  (figure 4.6).  
The thermoelastic properties of the second coating (ceramic top coat) can be determined in 
the same way (using the curvature tests) as described above for the first layer (bond coat). 
It should be noted that in principle such curvature analysis has been reported before [80]. 
H1 
bca
bcE  
H2 
Hi 
T=const 
T
bca
T
bcE  
Figure 4.5: Graphical visualization of curvature analysis for 
determination of values for thermal expansion and elastic modulus. 
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The present work, however, extends this approach to multilayer specimens, which contain 
different thermal barrier coating systems with two or three functional layers. 
The measured temperature dependent curvature of the three layer systems compared with 
that, theoretically determined for a temperature change {T0;T}. Based on Eq. (11) the 
three layer curvature can be expressed by: 
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Once the properties { bcbc E,a } of the first deposited layer (bond coat) are known.  
The average thermoelastic properties of the second layer can be determined as a function 
of temperature from Eq.(16): 
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Figure 4.6: Schematic drawing of three-layer sample. 
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where A1, A2, A3 and A4 are terms expressed as combination of elastic modulus and 
geometry of each layer within in the temperature range { T;T0 }: 
 
,T)hH(HhEEA bcbcbcs1 D+=                 (18) 
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where d is the total thickness of the specimen, tcbc hhHd ++= . 
 
,T)hh(hhEEA bctcbctcbctc3 D+=                (20) 
,T)h2hH(HhEEA bctctctcs4 D++=                (21) 
 
The dependence of the thermal expansion of the ceramic top coat on the stiffness 
of the top coat, )E(f tcitc =a , can again be established from curvature experiments with 
specimens of different substrate thickness. Subscript i denotes a substrate with thickness i. 
A flowchart summary of the procedure is displayed in figure 4.7. Equation (17), which 
contains two unknown parameters, is solved by the system of equations: 
 
,
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                  (22) 
Although equations (22) appear overdetermined for 2i ³ , the use of results from more 
than two thickness variations of the substrate has practical mean considering experimental 
scatter. It should be noted that the calculations refer to isothermal condition. The two 
thermoelastic parameters are derived for a fixed temperature. Calculation procedure has to 
be repeated for each temperature. Finally, the average coefficient of thermal expansion 
and stiffness of the ceramic top coat are obtained as a function of temperature. With 
respect to the above of unconstrained multilayer curvature it has to be emphasized again 
that the procedure only holds if each layer behaves linear elastic. 
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Measured: Hi, bch , tch  
From curvature test: T
RR TT
D,1,1
0
 
Known properties: sa , sE , bca , bcE  
 
Eq.(17) for different substrate thickness, i=1,2…n; 
 
Relations Eq.(22); 
 
Solution provides { tca , tcE } 
Figure 4.7: Flowchart demonstrating the procedure to calculate CTE as a 
function of stiffness for a second coating layer (ceramic top coat). 
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IV.4. Determination of Elastic Modulus from Bending of Layered 
Composite 
 
The evaluation of the elastic behaviour of an individual coating in a multilayer 
composite from bending tests requires, different to the case of monolithic material, 
consideration of the elastic properties of all layers. In this section the theoretical treatment 
of bending tests is extended to that of  layered materials. Four-point bending tests have 
been carried out with multilayer specimens and to analyze the elastic modulus of each 
layer by determining the global flexural rigidity of the composite [136]. The bending 
moment has been applied perpendicular to the interfaces between the layers (figure 3.9, 
chapter III). In case of bi-materials [132], the flexural rigidity of the composite is given 
by: 
å å å
= =
-
=
ú
û
ù
ê
ë
é
-+-=
n
1i
i
1j
1i
1j
3
jna
3
naj ,)ht()th(3
b)*EI(              (23) 
where b is the width of tested specimen. The position of the neutral axis, nat , is defined as 
in Eq. (9). It should be noted that i=1 relates to solely substrate deformation. 
Considering the flexural rigidity of the composite sample, the Eq.(1) can be 
rewritten into: 
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                 (24) 
where a and L are geometrical parameters of the four-point bending test (figure 3.9, 
chapter III), and b and d are width and total thickness of specimen, respectively. Finally, 
substitution of the Eq. (23) to Eq. (24) yields: 
,
)a4L3(a3
)])ht()th((E[db4
P
22
n
1i
i
1j
1i
1j
3
jna
3
naji
32
-
-+-
=
å å å
= =
-
=
dD
D
            (25) 
Balancing the slope of the experimental load-deflection curve, with 
dD
DP
 of equation (25) 
allows the determination of the unknown elastic modulus, Ei, if the moduli of the other (i-
1) layers are known.  
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IV.5. Through Thickness Stress Distribution in a Multilayer 
System 
 
The failure mechanisms of thermal barrier coatings subjected to a 
thermomechanical load are still not entirely understood. However, the delamination of the 
ceramic top coat near to or at the interface with the bond coat play an important role [112]. 
Residual stresses due to thermal expansion mismatch of the metallic bond coat and 
ceramic top coat in combination with the growth stresses of the thermally growing oxide 
scale at interface between both has to be taken into account. 
Residual stresses in surface coatings arise from two main sources [137], intrinsic 
stresses is small and thermal mismatch stress. Assuming that the coating is intrinsic ally 
stress-free, then the residual stress level is the determined by the thermal mismatch and the 
coating modulus. 
Localized residual stresses in the ceramic top coat close to the interface with the 
bond coat, which typically consist of a combination of in-plane compression and out-of-
plane tension [99] are difficult to measure and predict due to the complexity of interface 
morphology and YSZ microstructure. Also a lack of sufficient information on time and 
temperature-dependent materials properties exists. Thus, only global stresses, which are 
generated during the deposition process and during subsequent cooling are considered. 
The distribution of residual stresses in a layered material can be obtained by application of 
the thermoelastic equations from section IV.2. The principal assumption for the 
calculations is that the multilayer system is stress free at high temperature at the end of the 
final heat treatment. In the case of the specimens with substrate and bond coat a stress free 
state is given after the 4 hours diffusion annealing at 1080oC (figure 3.6 and 3.7, chapter 
III). Accordingly, 0s  becomes zero in Eq.(5). The stresses after cooling from high 
temperature down to room temperature are then given by: 
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The position of neutral axis, nat , the uniform strain component, c , and the 
curvature, ¥=
C10800R
1
are obtained from solving of Eqs (7), (9) and (11) for two layers. 
In case of three layers a third relation for residual stress has to be introduced. 
Depending on the process, (i) - air plasma spraying or (ii) – electron - beam physical 
vapour deposition (both are discussed in chapter III) the deposition temperatures are 
different. The maximum operating temperature of the EB-PVD process for deposition of 
both coatings (bond coat and ceramic top coat) is C1000T oPVDEBmax »
- . The maximum 
temperature of the vacuum plasma spraying process is C800T oVPSmax »  and of the 
atmospheric plasma spraying is C250T oAPSmax » . The stress distribution in case of the 
three layer system may then be derived from Eq.(26) as : 
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where jmaxT  refers to maximal operating temperature of the deposition process j . 
 
 
 
Considering the stress state of a three layer TBC system with ceramic top coat 
produced by APS, the residual stress distribution after cooling from deposition 
temperature can be calculated by adding to Eq. 27 the term: 
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where uniform strain component, c , is determined from Eq. (7) and VPSmaxT , 
APS
maxT  are the 
maximum deposition temperatures. The magnitude of the residual stress in the ceramic top 
coat, *tcs , is difficult to estimate, since during the spraying also a gradient of temperature 
is developing. Hence, the stress situation, *tcs  for tcbcbc hhHyhH ++££+  at 
spraying temperature is not exactly known. The stresses, *ss  and 
*
bcs  at room 
temperature are determined from the higher deposition temperature of the bond coat 
considering the strain uniformity within the strip.  
 
Provided that no additional mechanical strains have been entered during the 
deposition of a coating, the total residual stress reflects the contributions of the cooling 
stresses from the deposition temperature to room temperature and the subsequent stresses 
due to heating to the  high temperature (HT). The residual stress profile within each layer 
of the multilayer system may be calculated for evaluated temperature, { )y(ss , 
)y(bcs , )y(tcs } using the sum of the residual stresses at RT { )y(
RT
ss , )y(
RT
bcs , 
)y(RTtcs } from Eq. (27) and the heating induced stresses { )y(
HT
ss , )y(
HT
bcs , 
)y(HTtcs }, which again can be obtained from Eq. (27)  applying the temperature 
difference RTHTT -=D . 
 
It should be noted that calculating the stress state of the specimen also the 
temperature dependence of the thermoelastic properties has to be considered. Therefore, 
the change of the residual stresses in the case of reheating correlates with the change of the 
elastic modulus or stiffness of the coating materials, i.e. )T(EE ss = , )T(EE bcbc =  
and )T(EE tctc = . This temperature dependence must be accounted for at the high 
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temperature calculations of the parameters: c , nat  and 
HTR
1
from Eqs. (7), (9) and (11) 
respectively.  
Finally, the analyses employed here for the interpretation of coating properties and 
residual stresses are again based on linear elasticity theory. Consequently, they provide 
only accurate results, if the thermal loads do not induce non-linear effects (e.g. plasticity, 
creep, crack growth et.) the tested thermal barrier systems. The experimental results and 
the limitations of the present analysis will be described in the following chapter.  
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V. RESULTS and DISCUSSION 
 
V.1. Microstructure of NiCoCrAlY Bond Coats 
 
The ductility and phase variation of oxidation resistant MCrAlY bond coats in the 
regime of high operation temperatures can be expected to have strong influence on the 
thermoelastic behavior of the thermal barrier composite. Considering the compositional 
complexity of the commonly used Ni-based MCrAlY coatings, a reliable prediction of 
thermoelastic/plastic performance should be based on tests with specimens having the 
composite geometry and composition of the thermal barrier system. Even minor 
modification in composition and non-equilibrium heat treatment can substantially affect 
the phase composition. The phase state of different bond coats has been analyzed before 
(as-received) and after heat treatment up to 1000oC.  
 
V.1.1. Microstructure of PWA 270 bond coat (EB-PVD) 
The PWA 270 microstructure was observed from cross-sections using optical and 
electron microscopy. Figure 5.1 displays micrographs of the “as-received” PWA 270 (EB-
PVD bond coat and table 5.1 contains analytical data according to arrow indicated 
locations of figure 5.1. The composition of the phases was measured by means of energy 
despersive X-ray spectroscopy (EDX). Compared to the nominal composition of the “as-
received” material ([63] and table 3.4 section III.1.3) the total content of Ni, Cr and Co is 
Figure 5.1: Cross-section of PWA 270 bond coat in “as-received” condition; 
Arrows on SEM images indicate locations of EDX measurement. 
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3 
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slightly lower. This also may be related with inaccuracies of the EDX-analysis. 
Table 5.1: Composition of PWA 270 bond coat phases 
in “as-received” condition according to figure 5.1, EDX analysis. 
 
The microstructure mainly consists of large grains of g - (light-gray) and b -phase 
(dark-gray). Precipitates of a NiY- intermetallic phase are also visible (white), however, 
these grains are much smaller. Also the presence of Ta, W and Re can be noticed in the 
composition of the g -phase. Furthermore, the content of the latter elements is decreasing 
with distance from the interface to the CMSX-4. The concentration of these elements 
within the bond coat layer can be correlated with the content of Ta, W and Re in the 
nominal composition of substrate material. Ta ,W and Re diffuse outwards from the 
CMSX-4 into the bond coat. The large oscillations of the element concentrations in the 
NiCoCrAlY layer are due to the formation of g  and b -phase during the annealing 
process. Similar results were reported by Muller [138].  
After two cycles of curvature experiments up to 1000oC the phase situation 
remains essentially unchanged. The observed phase distribution and the measured 
composition results are shown in figure 5.2 and given in table 5.2, respectively. The 
microstructure is similar to the PWA 270 alloy in the “as-received” condition, isolated g -
phase grains are surrounded by b -phase matrix.  
 
Point 
Element           
Phase 
Ni Cr Co Al Y Ta W Re 
Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% 
1 38.6 37.8 23 25.4 27.6 26.9 3.6 7.7 - - 2.3 0.7 3.4 1.1 1.6 0.5 g 
2 58.9 48.3 6.8 6.3 16.3 13.3 18.1 32.2 - - - - - - - - b 
3 40.1 39.6 20.5 23 25.5 25.2 4.4 9.3 - - 2.2 0.7 4.2 1.34 3.1 1 g 
4 39.1 36.9 25.7 27.3 28.7 26.9 3.9 8.1 - - 0.7 0.2 0.9 0.3 1 0.3 g 
5 39.2 36.2 25.2 26.3 28.3 26.1 5.4 10.9 - - 0.6 0.2 0.5 0.2 0.8 0.2 g 
6 61 60.8 2.6 2.9 8.4 8.4 6.3 13.6 21.8 14.4 - - - - - - Ni-Y 
7 60 60.2 3 3.4 8.9 8.8 5.9 12.9 22.2 14.7 - - - - - - Ni-Y 
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Again, NiY-intermetalic phase is observed and like in the case of the “as-received” bond 
coat, the amount of these precipitates is not high. Obviously, no significant qualitative 
change occurs in the microstructural morphology of the phase constituents in PWA 270 
bond coat was during the thermal cycling related with the curvature experiments.  
 
 
Table 5.2: Composition of PWA 270 bond coat phases after heat treatment 
according to figure 5.2, EDX analysis. 
 
Point 
Element            
Phase 
Ni Cr Co Al Y Ta W Re 
Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% 
1 61.6 60.7 2.8 3.1 8.7 8.5 6.8 14.6 20.1 13.1 - - - - - - Ni-Y 
2 60.7 60.7 3.2 3.6 9.1 9.1 5.8 12.6 21.3 14 - - - - - - Ni-Y 
3 60.7 49.5 6.4 5.9 14.4 11.7 18.5 32.9 - - - - - - - - b 
4 36.7 35.7 24.8 27.3 28.9 28 3.4 7.1 - - 1.5 0.5 2.7 0.8 2.13 0.7 g 
5 36.8 35.3 25.6 27.7 30.1 28.8 3.3 6.9 - - 1.5 0.5 2 0.6 0.8 0.2 g 
 
Figure 5.2: SEM image for PWA 270 bond coat after 
two cycles of heat treatment up to 1000oC. 
1 
2 
3 
4 
5 
V. Results and discussion 
 94
To gain a quantitative insight in the changes of the bond coat under exposure at 
high temperature, also an assessment of phase content was performed with digital image 
analysis (ANALYSIS 3.2). The results are shown in figure 5.3. For each micrograph, grey 
scale levels were set to distinguish between, g - and b -phase. Grey and green colour was 
used to better visualize g and b , respectively. Also, to improve statistical evidence large 
areas of the bond coat were examined.  
An average value of 39% for the g -phase and about 60% for the b -phase and 
balance of NiY intermetallic precipitates were determined for both conditions of PWA 
270 bond coat, (table 5.3).  
 
        Table 5.3: Content of the two main phases in EB-PVD coated PWA 270. 
 g vol.-% b vol.-% other vol.-% 
A) as-received 39 60 res. 
B) heat-treated 38.7 61 res. 
 
 
 
 
 
 
20 mm 
B 
20 mm 
A 
Figure 5.3: Coloring of PWA 270 bond coat phases in: 
a) “as-received”; b) “heat -treated” condition. ANALYSIS 3.2 images. 
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V.1.2. Microstructure of PWA 286 bond coat (VPS) 
Additional information about the microstructure and phase composition of the 
PWA 286 bond coat was also obtained by analysis of SEM micrographs. Metallographic 
studies of the “as-received” PWA 286 alloy (VPS bond coat) are shown in figure 5.4 and 
compositional data are presented in table 5.4.  
Table 5.4: Composition of PWA 286 bond coat phases 
in “as-received” condition according to figure 5.4, EDX analysis. 
       
Point 
Element            
Phase 
Ni Cr Co Al Mo Ta W Re 
Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% 
1 63.3 51.6 5.3 4.9 12.7 10.3 18.7 33.2 - - - - - - - - b 
2 42.3 40.5 21.7 23.5 26.9 25.6 4.3 8.9 - - 2.2 0.7 2.1 0.7 0.5 0.1 g 
3 20.9 21.7 39.7 46.6 23.4 25.2 1.3 2.8 - - 2.6 0.9 6.6 2.2 5.6 1.8 s 
4 17.6 18.1 42 48.7 23.7 24.2 1.9 4.2 - - 2.2 0.7 6.6 2.2 6 2 s 
5* 13.5 22.3 12.02 22.5 11.3 18.7 0.7 2.6 5.5 2.9 5.5 3 33.8 18 21.1 11  
6 60.9 59.5 6.4 7 13.1 12.8 7.6 16.1 - - 7.2 2.3 3.6 1.1 0.4 0.1 g´ 
7 61.1 49.8 6.3 5.8 14.1 11.5 18.6 32.9 - - - - - - - - b 
8 36.6 34.6 27.3 29.2 31.3 29.5 3 6.2 - - 1.4 0.4 0.4 0.1 0.01 0 g 
*-W-Hardening precipitate in CMSX-4 with high W content 
Figure 5.4: Cross-section of PWA 286 bond coat in “as-received” condition; 
SEM image taken at: a) BC/CMSX-4 - interface; b)near BC/TBC interface. 
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The microstructure mainly consists of large grains of g - (light-gray) and b -phase (dark-
gray). Small round precipitates within the g -phase with high Cr-content (white) were 
identified as a  or s  (Cr rich)-phase. The distribution of the main elements nickel, 
cobalt, chromium, aluminum and the minor element yttrium in the phases of PWA 286 
bond coat shows distinctly, that a larger amount of the chromium and rhenium is available 
in the "white" phase (points 3, 4 , figure 5.4). Concerning to the content of rhenium at 
location 1-3, it could be the result of the diffusion of this element from the CMSX-4 
substrate. Both aluminum and nickel are the predominant elements in the "dark-gray" 
phase. The "gray" phase (points 2, 8) consists of less nickel. The highest amount of cobalt 
and chromium exist, apparently, in the "white" phase. NiY- intermetallics phase was no 
detected. In contrast to the columnar morphology of the PWA 270 bond coat, a more 
equiaxed grain shape can be found in the PWA 286 microstructure. The results from 
points 5, 6 (fig.5.4) reveal the element distribution of the CMSX-4 substrate with 'g  
phase. The presence of 'g  phase and of different hardening precipitates is in agreement 
with recent investigations for CMSX-4 superalloy [139, 140]. Small scatter of element 
content at the various analyzed locations for the phases can be related with small 
examined area in the XRD measurements. Compared to the nominal composition of bond 
coat ([112] and table 3.4 in section III.1.3) total content of Ni, Cr and Al is again slight 
lower. 
Figure 5.5 shows the PWA 286 bond coat after 3 thermal cycles between room 
temperature and 1000oC plus a total dwell time of 9 hours at 1000oC. The phase 
Figure 5.5: SEM images of PWA 286 bond coat after three cycles of heat treatment up to 
1000oC: a) BC/CMSX-4; b) near BC/TBC. 
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composition at different locations near the CMSX-4/BC and BC/TBC interface are 
compiled in the table 5.5.  
Table 5.5: Composition of PWA 286 bond coat phases in “heat-treated” condition 
according to figure 5.5, EDX analysis. 
*Ta-Hardening precipitates with high Ta-content 
. 
After heat treatment, phases of similar composition as in “as-received” condition 
are still present. The respective compositions of g - and b -phase agree reasonably well. 
At points 3 a s -phase is present. For the Co-Cr alloy system s -phases are well known 
with a Cr concentration of about 60%. The presence of a s -phase has also been reported 
in a NiCoCrAlY alloy [141]. Cobalt promotes the formation of the s -phase in PWA 286 
bond coat. Additionally, in the points 4, 5, 6 of the substrate, 'g  phase and hardening 
precipitates are detected, but like in the case of the “as-received” sample the amount of 
these precipitates is not high. The EDX analysis indicate the migration some of the 
elements from the substrate towards the bond coat.  
The quantitative measurement of the amount of -g  and b  phase in the “as-
received” and “heat-treated” PWA 286 reveals a major change. Figure 5.6 shows a 
composition with cross-sectional SEM micrographs colored by means of ANALYSIS 3.2 
       
Point 
Element            
Phase 
Ni Cr Co Al Hf Ta W Re 
Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% Wt.-% At.-% 
1 41.3 39.8 22.4 24.4 27.4 26.3 3.7 7.8 - - 1.8 0.6 2.7 0.8 0.6 0.2 g 
2 61.6 51.7 6.1 5.8 13 10.9 17 31 - - 1.7 0.5 0.5 0.1 0.1 0.03 b 
3 11.3 11.5 63.6 73.1 7.3 7.4 1.2 2.7 - - - - 5.7 1.9 10.9 3.5 s 
4 65.4 60.8 4.4 4.9 13.8 13.4 7.9 16.7 - - 8.7 2.8 2.2 0.7 - - g´ 
5 42.5 42.1 20.2 22.5 24.4 24 4 8.5 - - 3 1 3.3 1 2.7 0.8 g 
6 21.5 35.7 1.8 3.3 5.1 8.5 2.1 7.5 9.5 5.2 53.9 29 0.03 0.02 1 0.54 * 
7 63.6 52.3 5.6 5.2 13.1 10.8 17.7 31.7 - - - - - - - - b 
8 41.7 39.2 23.5 25 28.8 27 4 8.1 - - 1.5 0.5 0.5 0.2 0.04 0.01 g 
9 61.9 51.9 7.8 7.4 14.9 12.4 15.5 28.3 - - - - - - - - b 
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software. “As-received” PWA 286 contains 45% of g -phase and about 54% b -phase. 
However, the “heat-treated” PWA 286 reveals an amount of g -phase of about 56%. 
Inversely, the b -phase has changed from 54% to 43%, (table 5.6). 
 
       Table 5.6: Content of the two main phases in VPS coated PWA 286. 
 
 
 
 
The 10 vol.% increase of the g  phase of PWA 286 bond coat after 9 hours of at 
1000oC is remarkable. According to previously reported results [142, 80], in a NiCoCrAlY 
bond coat four equilibrium phases can exist at 1000oC: 
'g (Ni3Al)+a (Cr) « g (Ni)+ b (NiAl) 
The 'g  and a  phases are stable below 1000oC, whereas g  and b  phases loose their 
stability at low temperature. This equilibrium has importance since towards g  and b  is 
accompanied by a significant volume increase, which changes the mismatch between bond 
coat, substrate and top coat. However, in the present case the VPS deposited of PWA 286 
it appears that the high temperature phases g  and b  are always observed but are not in 
equilibrium state before the heating cycle of the curvature experiment.  
 g vol.-% b vol.-% other vol.-% 
A) as-received 45 54 res. 
B) heat-treated 56 43 res. 
A 
20 mm 
B 
20 mm 
Figure 5.6: Cross-section of PWA 286 bond coat in: 
a) “as-received”; b) “heat-treated” condition. ANALYSIS 3.2 images. 
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The measured difference in the amount of g - and b -phase is related with by a 
significant volume change (DV). Since g  and b  coexist at 1000oC, the change in volume 
can be calculated from the lattice parameters:  
3
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-+-
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   (31) 
where ba = 0.288 nm is the lattice parameter of the b  phase; and ga = 0.357 nm is the 
lattice parameter of the g  symmetry. 11 y,x  are the phase contents in as-received 
condition and 22 y,x  are the phases contents in heat-treated condition. The volume 
increase resulting from equation (31) is 2±0.5 vol.%. For simplifying of evaluation the 
room-temperature lattice parameters [114] were used, a temperature dependency was not 
taken into account. The microstructural changes observed in PWA 286 after the thermal 
exposure to 1000oC should also be noticed as a change in curvature during the isothermal 
annealing, provided that bond coat relaxation does not dominate.  
 
Subtotal  
 
To summarize the microstructural and compositional results of the two different 
bond coats produced by electron-beam vapor deposition (PWA 270) and vacuum plasma 
spraying (PWA 286). The following results can be emphasized: 
- In PWA 270 two main phases g , b  with a volume ratio of about 0.65 and a small 
amount of NiY –intermetallic precipitates were detected in the “as-received” 
condition. No change in the amount and the constituents of the phases was 
observed after two thermal cycles up to 1000oC.  
- The results of PWA 286 bond coat indicate the presence of g , b  phases in a 
volume ratio of about 0.8 in the “as-received” condition. Additionally, a small 
amount of precipitates with high Cr content, which was identified as s -phase was 
detected. A depletion of the b  phase occurred after three thermal cycles and a 
respective increase (about 10 vol.%) of the g  phase has been observed. A small 
amount of the s -phase was also detected in the “heat-treated” condition.  
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- An attempt was made to estimate the volume change from the phase 
transformation in PWA 286. A value of about 2±0.5 vol.% was obtained. 
The differences between the two bond coats may be related with their thermal 
history. The heat treatment of the specimens with PWA 286 bond coat during deposition 
concluded with an annealing of 20 h a 870oC, designated as precipitation annealing of the 
substrate (figure 3.7, section III.1.4). Comparing the history of heat treatments for both 
bond coats, this step was not carried out for PWA 270 (figure 3.6, section III.1.3). Since 
the chemical composition of PWA 270 and PWA 286 bond coats are fairly similar except 
from Y (table 3.4, section III.1.3), the different heat-treatments are assumed to explain the 
differences in phase changes. 
Finally, the results of the microstructural studies indicate shape changes by volume 
expansion of the bond coat in the multilayer composite specimens, which should 
recognized in the curvature test. The results of the curvature experiments as a function of 
temperature between RT and 1000oC will be presented in the next section. The differences 
in phase changes between the two bond coats are expected to become noticeable.  
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V.2. Curvature Behavior of Multilayer TBC Systems During 
Thermal Exposure 
 
In the present section the experimentally measured curvature behavior of the 
different variants of TBC systems will be presented and discussed. The change of 
curvature is described as a function of temperature and dwell time at 1000oC. A typical 
temperature cycle included heating up to 1000o (8°С / min), 2 hours of annealing at 
1000°С and cooling to room temperature (8°C / min). Following the coating sequence, 
first results of two layer (substrate, bond coat) and than of three layer systems (substrate, 
bond coat and top coat) are described. The used specimen variants and the thickness of the 
coatings are listed in table 3.1 section III.1.1. 
 
V.2.1. Two layer systems (substrate + bond coat) 
 
Specimen variants: CMSX 4-substrate,  PWA 286-VPS bond coat  
(A1;A2)  
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Figure 5.7: Curvature development as a function of temperature for specimen 
variants (A1;A2) with different thickness of substrate. First cycle of exposure. 
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Since all TBC variants with PWA 286 (VPS) bond coat were sprayed as three layer 
systems, mechanical removal of the ceramic top coat was necessary to obtain the 
substrate/bond coat configuration. The respective specimen variants A1 and A2 consisted 
of a substrate with 0.51 mm and 0.81 mm respectively and VPS bond coat of 0.09 mm. 
After the top coat removal, the samples revealed a curvature with the bond coat on the 
concave side. Subsequently this shape will be referred to as a “negative” curvature. 
Accordingly the bond coat on the convex side will be defined as “positive”. The 
experimentally measured curvature of the first temperature cycle is shown in figure 5.7.  
 
The initial curvature is "negative" for A1 and A2. Sample, A1, with the thinner 
substrate shows more pronounced curvature over the entire heating and cooling cycle. The 
change of curvature of A2 is less but with similar temperature dependence. Since the bond 
coat expands more than the substrate material, the curvature of the tested specimens 
changes towards flattening and then becomes positive. From figure 5.7 a relaxation effect 
is observed above 750°C, since the specimens exhibit a slight change towards less positive 
curvature. This effect indicates creep behavior, which can take place for MCrAlY bond 
Figure 5.8: The development of curvature during two 
thermal cycles of specimen variant A1. 
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coats at the given temperature range. However, despite increasing temperature, zero 
curvature is not reached, because a counteracting effect forces curvature to increase effect. 
The 2 hour high-temperature annealing at 1000oC reinforces this trend, a further increase 
of curvature is observed. This behavior is in contradiction to what can be expected if creep 
relaxation is involved. However, the phase transformation in the bond coat as described 
for PWA 286 in the previous section could be the main driving force of the observed 
increasing curvature, assuming that the microstructure of the substrate, CMSX-4, is stable 
at 1000oC. Upon cooling both A1 and A2 specimens show qualitative agreement to the 
curvature behavior during heating.  
Figure 5.8 compares the change of curvature of the specimen variant A1 during 
two subsequent thermal cycles. The general behavior of the first and second cycle is 
similar, but some details vary. A temperature shift of approximately +50oC at maximum 
curvature characterizes for the second cycle. The shift might be related with the change in 
phase composition of the PWA 286 bond coat during the first cycle. The expansion related 
with the change of the gb /  ratio seems to diminish with the isothermal 1000oC dwell 
time. Since the curvature increase in the first annealing from 1.2 m-1 to 1.8 m-1 is only 
followed by an increase from 1.8 m-1 to 2.1 m-1 in the second annealing period.  
 
 
Specimen variants: CMSX 4-substrate,  PWA 270-EB PVD bond coat 
(A3;A5;A6) 
The two layer specimen variants with PWA 270 (EB-PVD) bond coat are 
examined using the same temperature cycles. The specimens had a bond coat thickness of 
0.15 mm and substrate thicknesses of 0.35 mm, 0.85 mm and 1.35 mm. Figure 5.9 shows 
results of experimental curvature measurements for specimen variants A3, A5 and A6 
during the first cycle. In the as-prepared condition at room temperature, the samples 
exhibit “negative” curvature. The curvature is less with thicker substrate: A3 : -2.45 m-1, 
A5 : -0.84 m-1 and A6 : -0.35 m-1. Figure 5.9 indicates that the specimens become flat 
when heating up to 600oC (A3) and to 700oC (A5 and A6). Interpretation of the changes in 
the curvature is related with the assumption that the bond coat extends more than the 
substrate. This thermal mismatch is further maintained after the curves cross the abscissa 
within the temperature range of 600oC-700oC. The steeper increase of curvature from 
600oC to 800oC can be attributed to the increase of the thermal expansion coefficient of 
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the bond coat. The effect best recognized when the thickness of the bond coat is similar to 
that of the substrate. 
 
Above 800°C the relaxation behavior of the bond coat governs the shape of the 
curvature plot. In literature the brittle-to-ductile transition temperature of MCrAlY 
coatings is published to be in the range of 600oC-800oC [78, 143]. However, phase 
transformations in the same temperature range have also been reported recently and thus a 
counteracting contribution might be present as well [144]. 
At 1000°C annealing a decrease of the curvature is observed which can be detected 
in particular for the specimens with thin and intermediate thickness of the substrate. 
Decreases of curvature from 3.72 m-1 to 3.24 m-1 and from 0.53 m-1 to 0,43 m-1 of 
specimens A3 and A5 were measured, respectively. The shift in curvature after high 
temperature annealing is inversely present at RT after cooling since heating and cooling 
curve intersect.  
Repeated cycles with the thin substrate specimen A3 are displayed in figure 5.10. 
The initial parts of the curves from first and second heating are almost identical up to 
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Figure 5.9: Curvature for first thermal cycle of specimen variants 
(A3;A5;A6) with different thickness of substrate. 
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600oC. Both cycles have also in common the steeper increase in curvature above 600oC. 
At 1000oC annealing curvature decrease but the decrease is less pronounced in the second 
cycle. A more detailed discussion of the isothermal curvature behavior will be presented 
further below.  
 
 
Specimen variants: Nimonic 90-substrate,  PWA 270-EB PVD 
bond coat (A7;A8;A9) 
The thermoelastic behavior of the PWA 270 (EB-PVD) bond coat (0.2 mm) as 
tested in two layer specimen variants (A7;A8;A9) with substrate thickness of 0.3 mm, 0.5 
mm and 0.8 mm. The substrate material used in this set of specimen variants was Nimonic 
90 superalloy. Figure 5.11 shows the curvature of the specimen variants A7, A8 and A9 
for the first cycle of exposure. The initial curvature at room temperature is “positive”, 
indicative of different thermoelastic behavior of Nimonic 90 compared to CMSX-4. 
Furthermore, from the development of curvature during the first heating cycle it can 
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Figure ??? The development of curvature during  
two cycles exposure of the specimen variant A3. 
Figure 5.10: The development of curvature during two thermal 
cycles of specimen variant A3. 
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already be qualitatively concluded that the thermal expansion of the bond coat and the 
Nimonic 90 substrate are comparable up to 600oC.  
 
Apparently, above 600oC a stronger increase of thermal expansion of the bond coat is 
responsible for the increase of curvature. Above 800oC, again the curvature of the three 
specimen variants starts to decrease, which is attributed to the onset of bond coat 
relaxation. However, all specimens exhibit again an increase of curvature starting at about 
900oC. The latter effect is also present during annealing at 1000oC. Shifts in curvature 
from 12.08 m-1 to 14.4 m-1 for specimen A7, from 2.92 m-1 to 3.79 m-1 for A8 and from 
1.24 m-1 to 1.57 m-1 for A9 are measured. Cooling from 1000oC down to RT indicates that 
the shift in the curvature after annealing at 1000oC is essentially maintained during 
cooling.  
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Figure 5.11: Curvature for first thermal cycle of specimen variants (A7;A8;A9) 
with different thickness of substrate. 
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Isothermal curvature change at 1000oC of the specimen variant 
(A1;A3) 
In order to explore the effect of high temperature annealing on the change of 
curvature the exposure at 1000oC for multiple periods of 2 hours was analyzed. To 
distinguish between VPS- and EB-PVD bond coat the specimen variants A1 and A3 were 
compared. Figure 5.12 shows the curvature results as a function of exposure time at 
1000oC (compiled from data of first and second cycle). The first 120 minutes of annealing 
relate to the first cycle of heat treatment, while results from 120 to 240 minute describe the 
effect of second cycle. The curvature changes were measured each 30 minutes. The values 
are also listed in table 5.7. As can be seen from figure 5.12, both specimen variants have 
initially a “positive” curvature. As indicated before, the curvature of A3 with the EB-PVD 
bond coat decreases, i.e. the sample becomes more flat. The opposite situation is observed 
for specimen variant A1 with VPS bond coat, where the curvature increases with 
increased time of thermal exposure at 1000oC.  
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Figure 5.12: Isothermal curvature changes at 1000oC annealing of specimen 
variant A3 (CMSX-4 substrate/EB-PVD bond coat) and A1 (CMSX-4/VPS 
bond coat). Total time of exposure during two cycle considered. 
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Assuming, that the CMSX-4 substrate is compositionally and microstructurally 
stable at 1000oC [47, 53, 145], different behavior of the two bond coat variants becomes 
obvious. The relaxation behavior of the VPS and EB-PVD bond coat above 800oC reflects 
the influence of creep. On the other hand, the reported microstructural changes of the VPS 
bond coat (section V.1.2) are obviously playing a dominant role and influence curvature 
into the opposite direction. A competition between expansion due to phase transformation 
and relaxation due to creep has to be considered within the period of investigated 
annealing time. 
 
Table 5.7: Isothermal curvature data at 1000oC annealing of specimen variants A1, A3. 
Curvature, [m-1] 
Time, [min] 
A1 
VPS 
A3 
EB-PVD 
 0 1.2 3.51 
 30 1.3 3.35 
 60 1.5 3.25 
 90 1.6 3.15 
 120 1.8 3 
 150 1.85 2.85 
 180 1.9 2.7 
 210 2 2.6 
 
 240 2.1 2.5 
 
 
V.2.2. Three layer systems (substrate + bond coat + top coat) 
 
The thermoelastic behavior of the three-layer TBC system consisting of substrate, 
bond coat and ceramic top coat were analyzed adopting the temperature and velocity 
conditions of thermal cycling from the two layer experiments.  
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Specimen variants: CMSX 4-substrate,  PWA 286-VPS bond coat,  
EB-PVD top coat (B1;B3;B4) 
 
The three layer specimens had 0.4 mm, 0.9 mm and 1.4 mm substrates. The 
thickness of the PWA 286 (VPS) bond coat (0.12 mm) and the EB-PVD YSZ top coat 
(0.28 mm) were the same for all three specimen variants. Results of the curvature tests are 
show in figure 5.13. The initial RT-curvature of the specimens is "positive". All three 
variation samples display a curvature with the ceramic top coat on the convex side. Again 
the initial curvature is less with higher thickness of the substrate. In the thermal cycling 
test, the curvature decreases up to 500oC. This decrease of curvature is governed by the 
greater expansion of the two metal layers (substrate and bond coat) compared to the 
ceramic top coat. Between 500oC to 800oC, an increase of curvature of about 43 % is 
observed for all variants. The increase can be related with a stronger expansion of the 
PWA 286 bond boat compared to the substrate as demonstrated before for the two layer 
specimen variants (figure 5.13). The decrease of curvature of three layer samples above 
Figure 5.13: Curvature for first thermal cycle of specimen variants 
(B1;B3;B4) with different thickness of substrate. 
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800oC can be explained, if relaxation of the bond coat is assumed again. At 1000°C 
isothermal exposure the samples tend to exhibit an increase of curvature, which is most 
pronounced for the sample with the thinnest substrate. A more detailed discussion of the 
isothermal behavior will be presented further below. The shape of the cooling curves of all 
three specimen variants is similar to the heating branches. There is a shift in curvature, 
decreases with increasing of substrate thickness: 1.5 m-1 (B1), 0.5 m-1 (B3), 0.45 m-1 (B4).  
The curvature tests were also carried out for second thermal cycle. The same trend 
in curvature behavior as in the first cycle could be observed during the second cycle for all 
specimen variants. As an example, two thermal cycles of variant B1 are plotted together in 
figure 5.14. The cooling curve of the first cycle and the heating and cooling curves of the 
second cycle match quite well, indicating that the thermal history of the specimen has 
initially significant influence on the curvature behavior. The observed curvature change in 
the temperature range from 500oC to 800oC of the second cycle is in 3,5 times less than of 
if from the first cycle. Also the shift in curvature during isothermal exposure at 1000oC is 
by a factor of tree smaller than in the first cycle.  
 
0
1
2
3
4
5
6
0 200 400 600 800 1000
Temperature, [ oC]
1/
R
, [
1/
m
]
first heating 
first cooling 
second  heating 
second cooling
annealing
Figure 5.14: The development of curvature during 
two thermal cycles of specimen variant B1. 
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Specimen variants: CMSX 4-substrate,  PWA 286-VPS bond coat,  
APS top coat (B5;B7;B8) 
The curvature behavior of the TBC variants B5, B7 and B8 with APS-YSZ top 
coat has been measured during three thermal cycles. The variation of substrate thickness 
was 0.4 mm, 0.9 mm and 1.4 mm. The thickness of the PWA 286 bond coat was about 
0.15 mm and the APS top coat had a thickness of 0.35 mm. Figure 5.15 shows the 
curvature results of B5, B7 and B8 variants for the first thermal cycle. Differences 
between the initial curvatures can be noticed. A negative initial curvature is found for the 
thin specimen B5 and B7 and B8 specimens start with approximately zero curvature. 
Machining induced mechanical strain during preparation of specimen B5 can not be 
excluded. With increasing temperature, all curves show a positive slope. Intersects the 
abscissa at about 650oC. Above 700oC the slope continues to become more positive and 
curvature reaches a maximum value of about 1.0 m-1 at 900°C. Above 800oC-900oC the 
curvature starts to decrease. Again it can be assumed that the decrease of curvature is 
caused by the relaxation behavior of the bond coat, which is overcompensated by phase 
change during the 1000oC isothermal exposure. 
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Figure 5.15: Curvature for first thermal cycle of specimen variants 
(B5;B7;B8) with different thickness of substrate. 
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The initial positive slope of the curves in figure 5.15 is qualitatively similar to that 
of the substrate-bond coat curves in figure 5.7. Obviously the existence of the additional 
APS top coat has no influence on the general trend in curvature change. Whether 
specimen preparation or the very nature of defects in the APS coating had more influence 
in the present set of curvature tests could not be decided unambiguously.  
As additional experiments second and third identical thermal cycles were 
performed. In figure 5.16 the experimentally measured curvature of variant B5 with three 
cycles is plotted. The observed curvature changes of the second and the third are similar. 
Moreover, also the second and third cycle of specimen variants B7 and B8 match very 
well. Thus it may be concluded that the “negative” initial curvature of variant B5 is 
presumably influenced by machining induced mechanical stresses. 
 
Specimen variants: Nimonic 90-substrate,  PWA 270-EB PVD 
bond coat (thin),  EB- PVD top coat (B9;B10;B11) 
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Figure 5.16: The development of curvature during 
three thermal cycles of specimen variant B5. 
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To proof the general picture of curvature behavior of thermal barrier coating 
systems, a batch of samples with a second type of substrate (Nimonic 90) having bond 
coat and ceramic top coat deposited by EB-PVD were examined in curvature experiments.  
The thickness of bond coat (0.02 mm) and top coat (0.2 mm) was the same for the 
specimen variants B9, B10 and B11. The Nimonic 90 substrate thickness was 0.3 mm, 0.5 
mm and 0.8 mm, respectively. In figure 5.17 the curvature results for the first cycle are 
shown. At room temperature all samples have a “positive” curvature. With increase of 
substrate thickness, the value of initial curvature decreases as: 11.1 m-1, 8.5 m-1 and 2.8 m-
1. The experimentally measured initial curvatures of all three samples are higher than 
expected from theoretical calculations (chapter IV). Presumably, a significant strain has 
been added to the samples during thermal pretreatment. The curvature of all variants 
decreases with increase of temperature, as expected considering the higher expansion of 
the metal layers in comparison with the ceramic top coat. Hardly any change of curvature 
behavior is detected above 800°C. Since the bond coat layer has a thickness of only 20 
m m a significant contribution to the curvature behavior of the composite is not likely and 
Figure 5.17: Curvature during first thermal cycle of specimen variants 
(B9;B10;B11) with different thickness of substrate. 
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was obviously not found. Following the same argument no big change of the curvature 
occurs during the 1000oC annealing. Upon cooling from 1000oC the curvature change is 
almost identical to the heating behavior. Yet small shifts exist, which is most pronounced 
for the thinnest substrate: 11.1 m-1 to 13.1 m-1 (B9) and from 8.5 m-1 to 9 m-1 (B10). 
For specimen variant B11, a second cycle of heat treatment has been performed. 
Small shifts of curvature exist between the two cycles (figure 5.18), but the general trend 
indicates similar, almost linear, behavior. This favors the evolution of the thermolelastic 
properties of the ceramic top coat layer up to 1000oC.  
 
 
Specimen variants: Nimonic 90-substrate,  PWA 270-EB PVD 
bond coat (thick),  EB- PVD top coat (B12;B13;B14) 
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Figure 5.18: The development of curvature during 
two thermal cycles of specimen variant B11. 
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Curvature tests with thicker PWA 270 bond coat were (0.1 mm) were carried out 
with variants B12, B13 and B14. They had a substrate thickness of about 0.3 mm, 0.5 mm 
and 0.8 mm thickness, respectively. The thickness of the ceramic top coat was about 0.2 
mm. The experimentally obtained curvature plots from the first cycle are shown in figure 
5.19. All initial curvature values are positive, which agrees with the results from specimen 
variants B9, B10, B11 and with theory. The subsequent decrease of curvature with 
temperature appears similar to the results in the previous section. However, in contrast to 
the behavior of the samples having a thin bond coat, the curvature of the specimens show 
a strong decrease above 800oC. The progressive decrease of the curvature of specimen 
B12 from 800oC to 1000oC covers approximately a regime from 6.5 m-1 to –0.6 m-1. The 
stronger decrease above 800oC of specimens with thinner compared thicker substrate 
indicates that the apparent curvature behavior not only depends on material properties, but 
also on the residual stress situation. If the residual stress is high enough to cause creep 
relaxation in the bond coat, a pronounced curvature change is likely to be observed. The 
evaluation of geometry influenced residual stresses as a function of temperature of 
Figure 5.19: Curvature for first cycle of exposure for specimen variants 
(B12;B13;B14) with different thickness of substrate. 
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samples with different geometry will be discussed in detail in section V.5, chapter V. 
During annealing (2h/1000oC) the curvature of variant B12 becomes more “negative”. An 
effect which can not be explained by creep relaxation. The underlying mechanism is not 
understood, in particular when contraction of the EB-PVD top coat or stronger expansion 
of the Nimonic 90 are excluded. Note that the microstructures of substrate and top coat 
appear to be stable up to 1000oC (figure 5.17). In this respect it is also important to 
mention, that curvature tests carried out in a different project with the same combination 
of substrate and coating materials revealed opposite behavior. At 1000oC annealing the 
“positive” curvature increased qualitatively similar to the present result with variants B9-
B11. A comparison of the “abnormal” behavior of B12 and the curvature behavior of B9 
is shown in figure 5.20. 
 
Again a second cycle of the curvature experiment gives some insight. The 
experimental measured curvature of the specimen variant B12 during first and second 
cycle are combined in figure 5.21. After the big change of curvature during the first 
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Figure 5.20: Curvature for first thermal cycle for specimen variants 
(B12; B9) with different thickness of bond coat. 
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1000oC annealing (from –0.6 m-1 to –2.5 m-1), almost no change of curvature is observed 
during the second annealing step (from –2.4 m-1 to –2.8 m-1). It seems, that the pronounced 
curvature change during the first annealing has almost reached saturation. Yet the 
“negative” curvature is present again. The second heating/cooling cycle follows more of 
less the first cooling branch, except a smaller hysteresis above 800oC. 
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Figure 5.21: The development of curvature during 
two thermal cycles of the specimen variant B12. 
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Isothermal curvature change at 1000oC of the specimen variant 
(B1;B12).  
In order to illustrate the extremes of the curvature change of the examined three 
layer TBC systems at high temperature annealing, the specimen variants (B1, B12)  
 
are compared in figure 5.22. The curvature change of specimen B1 with CMSX-4 
substrate, VPS bond coat and EB-PVD top coat and B12 with Nimonic 90 substrate EB-
PVD bond coat and EB-PVD top coat is plotted. The curves in figure 5.22 compile the 
data from two thermal cycles. 
As can be recognized from the curves, the specimen variants B1 and B12 have 
different curvature at the beginning of the 1000oC annealing. Furthermore the curvature of 
B1 becomes more “positive”. Numerical values of the curvature development are listed in 
table 5.8. In both cases there is a trend of saturation within the first 4 hours of annealing 
which develops faster for variant B1. A similar saturation behavior is not recognized in the 
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Figure 5.22: Isothermal curvature changes at 1000oC annealing of the specimen variant: 
B12 (Nimonic90 substrate/EB-PVD bond coat/EB-PVD top coat) and B1 (CMSX-4/VPS 
bond coat/ EB-PVD top coat). Accumulated exposure time at 1000oC  
from different thermal cycles. 
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respective annealing curves for the two layer systems (figure 5.12). Again, assuming that 
the microstructure of the substrate, CMSX-4 and Nimonic 90, is stable at 1000oC. 
 
Table 5.8: Isothermal curvature data at 1000oC annealing of specimen variants B1, B12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Subtotal  
 
The measured curvature behavior of all coating variants may be summarized in a 
simplifying “arrow” notation (Table 5.9). The arrows indicate, whether curvature be 
comes “positive” (towards substrate) or negative (towards coatings) as a function of 
temperature. Although the results can not be fully rationalized, some trends can be 
deduced from table.  
- The two layer systems with CMSX-4 substrate have a negative initial 
curvature (at RT), i.e. the stronger contraction of both bond coat variants 
(VPS and EB-PVD) is dominant. Upon heating the curvature is reversed. 
Up to »800oC an increase of curvature exists which is most pronounced 
between 600oC and 800oC, reflecting the thermal expansion behavior of 
the bond coat. Above 800oC relaxation and phase changes in the bond 
coat compete. As a result of dominating phase changes the VPS bond coat 
Curvature, [m-1] 
Time, [min] 
B1 B12 
 0 3.5 -0.6 
 30 4.2 -1.2 
 60 4.2 -1.7 
 90 4.22 -2.3 
 
120 4.3 -2.5 
 150 4.4 -2.55 
 180 4.45 -2.6 
 210 4.5 -2.7 
 
 
240 4.6 -2.8 
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shows a volume increase at the 1000oC annealing, whereas the EB-PVD 
bond coat is relaxation governed.  
 
Table 5.9: General direction of curvature development for examined TBC systems. 
 Two layer Three layer 
Substrate CMSX 4 Nimonic 90 CMSX 4 Nimonic 90 
EB-PVD 
Bond coat VPS EB-PVD EB-PVD VPS 
thin thick 
Top coat - - - APS EB-PVD EB-PVD 
Initial 
curvature 
negative negative positive zero positive positive positive 
RT-600oC 
       
600oC – 800oC 
       
800oC – 1000oC 
       
1000oC 
       
 
- In principle similar trends hold when CMSX-4 substrate with VPS bond 
coat is coated with a ceramic top layer. At least at high temperature the 
strong increase of curvature between 600oC and 800oC, as well as the 
relaxation above 800oC and the expansion at 1000oC isothermal exposure 
agree considerably well. The deposition method of the top layer (APS or 
EB-PVD) plays obviously not an important role. 
- The results with Ninomic 90 substrate are less consistent, which may be 
caused by different specimen preparation and different thickness of the 
bond coat layers. Nerveless, the increase of curvature at 1000oC 
isothermal annealing in two out of three cases supports the present finding 
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that the bond coat is frequently not in phase equilibrium after the thermal 
history of deposition and heat treatments.  
 
As a general result it has to be emphasized that, the thermoelastic behavior of the 
TBC system is very sensitive on the bond coat behavior at high temperature. Four aspects 
are of importance: 
· a relatively higher thermal expansion of the bond coat in comparison with ceramic 
top coat and substrate; 
· a non-uniform increase of the thermal expansion of the bond coat with temperature 
up to 800oC; 
· a change from thermoelastic behavior to relaxation at »800oC; 
· the initial non-equilibrium of the bond coat phases, which depends on the thermal 
history of top coat and bond coat variant. For application it seems appropriate to 
obtain steady state bond coat conditions, e.g. by annealing for at least 4 hours at 
1000oC. 
The present results also allow a geometry recommendation for the thickness of the 
layers in curvature tests is provided. For practical experimental purposes a thickness 
ratio of the coatings to the substrate should be within the range of:                   
3)(1 £+£
H
hh tcbc  
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V.3. Temperature Dependence of Thermoelastic Properties 
The temperature dependent thermoelastic properties ( )T(a , )T(E ) of the 
coating variants deposited by PS and EB-PVD were determined analyzing the curvature 
results of the previous section as outlined in V.2. Thermoelastic properties of the bond 
coat were derived from the two-layer experiments using the known temperature 
dependence of the substrate properties, which described in chapter III. For the CMSX-4 
substrate the value of the biaxial modulus in <001> direction was chosen for the 
calculations. Due to the only small thickness of the TGO after the short term annealing at 
1000oC in the thermal cycles, all subsequent computations were performed neglecting the 
influence the TGO. 
V.3.1. Thermal expansion and Young’s modulus for PWA270 and 
PWA286 bond coat material  
The elastic modulus of the PWA 270 and PWA 286 bond coat at room temperature 
was determined by bending tests. Bending theory of elastic behavior of layered 
composites was applied [136]. Figure 5.23 shows the load-deflection curves obtained from 
bending of two-layer specimens consisting of CMSX-4 substrate (0.35 mm and 0.5 mm) 
plus PWA 270 (EB-PVD; 150 m m) and PWA 286 (VPS; 100 m m) bond coat, 
respectively. The average 
values derived from the 
experimental tests are 
PVDEB
bcE
- = 140 GPa and 
VPS
bcE = 173 GPa. 
In section V.2 the 
curvature behavior for two 
layer samples was 
described as a function of 
temperature. Below 800°C 
the multilayer systems 
with PWA 270 and PWA 
286 bond coat exhibited 
linear elastic behavior. 
Figure 5.23: Load Deflection curves of specimen variants: 
A4 (PWA 270 bond coat) and A1 (PWA 286 bond coat). 
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Applying the curvature analysis (section IV.3.1), a graphical evaluation of the specimen 
variants A3, A5 and A6, which contained PWA 270 (EB-PVD) bond coat is shown in 
figure 5.24. The thermal expansion and Young’s modulus of PWA 270 bond coat are 
derived for four different temperatures. The plotted curves of the function 
)E(f bcibc =a  satisfy the curvature values measured for the three specimen variants 
with different substrate thickness. In each plot a variation interval minbcE = 50 GPa; 
max
bcE = 
200 GPa was chosen. Ideally, all curves should intersect at a single point, but scatter in 
measured curvature values exists and thus also scatter of the intersections is present in 
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Figure 5.24: Graphically representation of determination of thermoelastic properties from 
curvature analysis. A3, A5, A6 specimens with PWA 270 bond coat (Evaluation from 
first cycle/heating of curvature experiment). 
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figure 5.24. The difference of the obtained thermal expansion is about 3%, which is 
smaller than the estimated errors in most of the measurements. Due to the shallow nature 
of the )E(a  curves the uncertainties in the elastic modulus are larger. Average values for 
both parameter of PWA 270 bond coat were chosen in the tables 5.10, 5.11. 
CTE and Young’s modulus of the PWA 286 (VPS) bond coat were also estimated 
from the curvature results within the temperature range of 400 to 800°C. In tables 5.10, 
5.11 the a  and E values of PWA 286 and PWA 270 are compared. 
 
Table 5.10: Thermal expansion coefficients of PWA 270 and PWA 286 bond coats. 
Temperature, [oC]  
a , [ppm] 22 400 500 600 700 800 
PWA 270 - - 14.3 15.3 16.1 17.3 
PWA 286 - 13.3 13.6 14.2 15 15.8 
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Figure 5.25: Temperature dependence of thermal expansion of VPS and EB-PVD 
bond coat. Comparison with results from literature [112, 98]. 
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With respect to temperature dependence the coefficients of thermal expansion 
(CTE) of the PWA 270 and PWA 286 (figure 5.25 and table 5.10) can be fitted using the 
following relations: 
a x10-6(T)=-1 10-9 T3 + 9 10-6 T2 - 2.3 10-3 T + 13.67 (PWA 270/EB-PVD);  
a x10-6(T)= -2 10-10 T3 + 7 10-6 T2 - 1.7 10-3 T + 12.84 (PWA 286/VPS);  
 
Figures 5.25, 5.26 compare the present results with those from literatures [52, 98, 
112]. Good agreement exists for the a -values of the PWA 286 (VPS) bond coat. 
Comparing the VPSbcE  reveals also a good correlation with data taken from previous work 
[98, 112]. The values of PVDEBbcE
-  are approximately 20% lower than the those of VPSbcE . 
 
The elastic values obtained from bending test (RT) and curvature analysis (HT) for 
VPS and EB-PVD bond coat are also listed in table 5.11. According to the small scatter of 
thermal expansion data calculated from the curvature experiments, only one run of 
Figure 5.26: Temperature dependence of Young’s modulus of VPS and EB-PVD 
bond coat. Comparison with results from literature [98, 112]. 
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evaluation (first cycle) is needed to get consistent values. However, determination of the 
elastic modulus requires iteration steps including curvature results of first and second 
cycle. The different sensitivity of a  and E can be explained by the character of the power 
type function 1bcbc E)E(f
-= . Detailed sets of the derived thermoelastic properties are 
documented in appendix B.  
Table 5.11: Young’s moduli of PWA 270 and PWA 286 bond coat. 
 
The present analysis does not account for the temperature dependence of Poisson’s ratio, 
u . However, since variation in u   is small, the error can be neglected.  
V.3.2. Thermal expansion and stiffness for EB-PVD and APS YSZ 
ceramic coatings  
In order to determine the stiffness of the ceramic top layer at room temperature, 
bending tests were performed on a series of specimens (B6 and B2) containing substrate 
(0.3 mm, 0.4 mm), bond 
coat (0.15 mm, 0.12 mm) 
and top coat (0.35 mm, 
0.28) layers, respectively. 
Figure 5.27 shows the 
elastic behavior of two 
composite specimens in 
terms of load deflection 
curves. The stiffness of 
top coat can be derived 
from flexural rigidity of 
the composite sample 
(section IV.4). For the 
Temperature, [oC]  
E*, [GPa] 22 400 500 600 700 800 
PWA 270 140* - 124 111 93 80 
PWA 286 173* 152 142 138 127 120 
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Figure 5.27: Load deflection curves from bending tests of 
the sample variants B6 (APS top coat) and B2 (EB-PVD 
top coat). 
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APS top coat APStcE = 34 GPa and for EB-PVD top coat 
PVDEB
tcE
- = 30 GPa has been 
determined as average values. 
The temperature dependence of stiffness and thermal expansion is determined 
from the known thermoelastic properties of substrate, the calculated properties of the bond 
coat and the measured curvature of multilayer system using the method described in  
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Figure 5.28: Thermoelastic properties from curvature analysis of B1, B3, B4 
specimens with EB-PVD ceramic top coat (Evaluation from first cycle/heating of 
curvature experiment). 
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section IV.3.3. The procedure is exemplified at 500oC, 600oC, 700oC and 800oC in figure 
5.28. The thermal expansion and stiffness data obtained as a function of temperature for 
the EB-PVD top coat measurements show some scatter. The result are compiled together 
with the properties of the APS top coat are presented graphically in figures 5.29, 5.30 and 
listed in tables 5.12, 5.13. The CTE values for the two different top coats are close. The 
value of thermal expansion at 400oC from result of the second cycle of curvature 
experiment was evaluated additionally.  
Table 5.12: Thermal expansion coefficients of EB-PVD and APS YSZ top coats. 
Temperature, [oC]  
a , [ppm] 22 400 500 600 700 800 
PVD YSZ - 10.1 10.2 10.4 10.5 10.7 
APS YSZ - - 10.2 10.3 10.4 10.6 
The CTE increases with rising temperature but the increase is relatively small. A linear 
fitting procedure of the temperature dependence for of APS and EB-PVD top coat yields: 
a x10-6(T)=1.4 10-3 T + 9.56   (APS);  
a x10-6(T)=1.3 10-3 T + 9.55   (EB-PVD);  
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Figure 5.29: Temperature dependence of thermal expansion of the APS and EB-PVD 
top coat. Comparison with previous measured results [80, 98, 112]. 
V. Results and discussion 
 130
The determined results are in good agreement with those reported in [80, 98, 112]. 
In the examined temperature range, the derived values vary only by 5 % from literature 
data.  
Table 5.13: Stiffness of EB-PVD and APS YSZ top coats. 
The determination of the stiffness for both ceramic top coats reveals essentially the 
same temperature dependence stiffness decreases significantly with increasing 
temperature. The APS values are approximately 15 % higher than those reported in [146]. 
This discrepancy suggests that porosity of the ceramic top coat might have been slightly 
different in both cases. 
Temperature, [oC]  
E*, [GPa] 22 400 500 600 700 800 
PVD YSZ 30* 21 16 16 16 16 
APS YSZ 34* - 26 25 23 19 
Figure 5.30: Temperature dependence of stiffness of the APS and EB-PVD 
ceramic top coat. Comparison with previous measured results [146]. 
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V.4. Inverse Approach for Curvature Analysis 
 
As verification of the presented curvature analyses an inverse attempt was made to 
predict and describe the curvature behavior of the multilayer system using the derived 
thermoelastic properties. For calculation of the theoretical curvature it was assumed that 
the composite specimens have a CMSX-4 substrate with the properties of the Ni-based 
alloy reported in section III.1.2.  
In figure 5.31 the theoretical curves and the experimentally measured curvature values are 
plotted for the two layer specimen variants A3, A5 and A6. Based on the determined 
Young’s modulus and the coefficient of thermal expansion of EB-PVD bond coat (section 
5.3.1), the theoretical curvature was simulated using the equation (13). Taking the average 
values of the thermoelastic properties, good agreement with the directly observed 
curvature (symbols) is obtained for all three samples.  
Similarly the inverse procedure can be applied to the three layer systems. Figures 
5.32, 5.33 show as examples CMSX 4/VPS bond coat/APS or EB-PVD top coat results. 
Figure 5.31: Theoretically calculated and experimentally measured curvature 
of the specimen variants A3, A5, A6. (CMSX-4/ EB-PVD bond coat). 
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Figure ??? Theoretical calculated and experimental measured curvature of 
the specimen variants B5, B7, B8. (CMSX-4/ VPS bond coat/APS top coat). 
Figure 5.32: Theoretically calculated and experimentally measured curvature of the specimen 
variants B5, B7 and B8. (CMSX-4/ VPS bond coat/ APS top coat). 
Figure 5.33: Theoretically calculated and experimentally measured curvature of the 
specimen variants B1, B3, B4. (CMSX-4/ VPS bond coat/EB-PVD top coat). 
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Some deviations between predicted and measured curvature can be recognized 
from figures 5.32 and figure 5.33. However, this is explicable by the fact that in the 
present model average values of the calculated thermoelastic properties of ceramic top 
coat have been used. Note that despite of experimental scatter usually obtained from 
observation of curvature, very little variation is generally present in the thermoelastic 
properties. 
The good agreement between theoretical curvature behavior and experimental data 
demonstrated by the inverse procedure provides a justification to use the derived 
temperature relationships of thermal expansion and elasticity. Of course, it is assumed that 
the composites behave linear elastic. According to Eqs. (13), (16) the curvature of two and 
three layer systems can be predicted in the range between room temperature and 800oC.  
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V.5. Residual Stresses Analysis 
 
Residual stresses are expected to play an important role for failure of TBC systems 
under service condition. One of the key-factors influencing the performance of the TBC is 
the residual stress produced in the wake of the deposition process and/or after high-
temperature exposure. The thermal mismatch stress develops due to the difference in 
thermal expansion between the coating layers and the substrate. Depending on the 
difference in thermal expansion, the elastic behavior and the geometry of layers the stress 
can be compressive or tensile.  
It is also well known that among the factors influencing the development of 
residual stresses the deposition parameters, the substrate temperature, the cooling rate etc. 
have to be considered [147]. Thus an important aspect of modeling residual stresses in 
multilayer system is to include the preparation steps to:  
(i) in the case of two layer samples (substrate + bond coat) the stress free state 
is assumed to be given at the end of annealing at 1080oC; 
(ii) cooling down to room temperature of the two layer system and the 
subsequent heating up to 250°C for APS and 900oC for EB-PVD 
deposition of the ceramic top coat; 
(iii) cooling to room temperature after top coat deposition; 
(iv) reheating of the thermal barrier system up to maximum operating 
temperature of the bond coat (1000oC). 
Numerical calculations of residual stresses were performed along this line and in 
accordance with the theoretical aspects reported in chapter IV. Nerveless it is also 
important to compare the modelling results with experimentally measured ones. 
There are a number of experimental methods to determine residual stresses in 
coatings [129] and thereby to validate calculations. Since X ray diffraction (XRD) gives a 
direct measurement of the strain field in crystalline, diffracting domains, it was used to 
measure residual stresses in the coatings at room temperature. Despite specific specimen 
requirements apply and penetration depth is limited the method serves as a valuable 
independent tool.  
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V.5.1. XRD measurements of NiCoCrAlY PVD bond coat 
Preliminary XRD measurements with conventional laboratory instrumentation 
were performed using Phillips X’Pert MRD diffractometer with Cu-K radiation 
(40kV/50mA), primary Kb-filter from Ni-foil, collimator: 1mm x 1mm (stress 
measurement). 
All measurements of residual stresses were carried out at room temperature using 
as elastic parameters for the NiCoCrAlY PVD bond coat ( E  = 137 GPa, u  = 0.3). The 
measurements were performed at five positions in the center of the specimen. The 
locations are depicted in (figure 5.34). As integrated values of the residual stress for the 
bond coat were determined:  
Pos. 1 ("left top"):           js = (40±17) MPa 
Pos. 2 ("right top"):         js = (59±20) MPa 
Pos. 3 ("midpoint"):        js = (17±25) MPa 
Pos. 4 ("left bottom"):     js = (32±28) MPa 
Pos. 5 ("right bottom"):   js = (35±23) MPa 
 
Additionally, the tensor of stresses was measured in three points located in center of 
sample. Assuming equal biaxial stress condition, the following results were obtained: 
Pos. 1 (midpoint):                                    xxs = (13±20) MPa,       xys = 0 MPa 
                                                                 yxs = 0 MPa,                   yys = (77±20) MPa 
                                                                 j = 45° 
Pos. 2 (+2 mm along longitudinal axis): xxs = (12±20) MPa,        xys = 0 MPa 
                                                                 yxs = 0 MPa,                   yys = (110±20) MPa 
                                                                 j = -39° 
Pos. 3 (-2 mm along longitudinal axis): xxs = (16±20) MPa,         xys = 0 MPa 
                                                                yxs = 0 MPa,                    yys = (65±20) MPa 
                                                                j = -22° 
Figure 5.34: Specimen 
locations for determination 
of residual stresses. 
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XRD data were obtained from multilayer specimen variant A3 containing thinnest 
substrate of 0.35 mm and EB-PVD bond coat of common 0.15 mm thickness. The xxs  
stress of the EB-PVD bond coat is in order of (12 ¸ 16) MPa and relevant to compare with 
predicted stress level from curvature experiment (next section V.5.3). 
V.5.2. XRD measurements of residual stresses in partially stabilized 
zirconia (EB-PVD top coat) 
The residual stresses were measured using reflex (620) since, the peak position 
was clearly detectable in XRD. The measured changes in lattice strain were converted into 
stress using the elastic parameters of zirconia ( E  = 215 GPa, u  = 0.29). For the 
quantitative estimation of the stresses, the biaxial stress condition was used, which is 
correct for the penetration depth of the CuKa  (about 10 m m). Direction j =0° was 
perpendicularly to longitudinal axis of sample, in the plain of the CMSX-4 substrate. The 
beam covered an area of approximately 2x2 mm2 in each measurement. 
The residual stresses were checked in four positions: the geometrical center of the 
specimen (midpoint), ±4 mm along the longitudinal axis and +1.5 mm along the lateral 
axis. As residual stress the values from top coat were obtained:  
Pos. 1 (geometry midpoint):                    xxs = (-243±55) MPa,    xys = 0 MPa 
                                                                 yxs = 0 MPa,                   yys = (60±55) MPa 
                                                                 j = 24° 
Pos.2 (+4 mm along longitudinal axis):  xxs = (-108±55) MPa,     xys = 0 MPa 
                                                                 yxs = 0 MPa,                   yys = (-22±55) MPa 
                                                          j = 29° 
Pos. 3 (-4 mm along longitudinal axis):  xxs = (-160±50) MPa,     xys = 0 MPa 
                                                                 yxs = 0 MPa,                   yys = (71±50) MPa 
                                                                 j = 24° 
Pos. 4 (1.5 mm along lateral axis):         xxs = (-198±60) MPa,     xys = 0 MPa 
                                                                 yxs = 0 MPa,                    yys = (46±60) MPa 
                                                                 j = 26° 
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For XRD measurements one specimen variant B1 was chosen in respect of 
geometry, i.e. substrate 0.3 mm, bond coat of 0.12 mm and top coat 0.28 mm of thickness. 
The in-plane compressive residual stress of the EB-PVD top coat of the three layer system 
in the order of (-243 ¸ -108) MPa were obtained as average values. Uncertainties in this 
result rise from the choice of the bulk elastic modulus, the scatter between the different 
positions and difficulties determining the reflex position in the given coating texture.  
 
V.5.3. Modeling of residual stresses in two layer system (substrate + 
bond coat) at RT 
 
The residual stresses of two layer specimen variants, i.e. substrate and bond coat 
were modeled with the thermoelastic approach using the determined values of thermal 
expansion and Young’s modulus of PWA 286 and PWA 270 bond coat (section V.3.1). 
The temperature dependent thermoelastic properties for CMSX-4 and Nimonic 90 
Figure 5.35: Through-thickness profile of residual stresses at RT after 
deposition of coating. Specimen variants A1 and A2 (CMSX-4/PWA 286). 
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substrate were taken from section III.1.2. The Poisson ratio, u , was assumed to be 
temperature independent.  
The resulting through thickness profile of the residual stress after cooling from 
deposition to room temperature is calculated using Eq.(26). Figures 5.35 and 5.36 display 
the results for specimens with PWA 286 and PWA 270 bond coat. The tensile stress in the 
bond coat increases with thickness of the substrate. Also an increase of residual stress 
from the bond coat surface to the interface with the substrate is modelled. The maximum 
tensile stress exists near the interface to the substrate. Similar maximum stresses ( »112 
MPa) are obtained for PWA 286 and PWA 270. 
The substrate exhibits compressive near interface and tensile residual stresses near 
the surface. The calculated residual stress near the surface for specimen variant A3 (PWA 
270 bond coat) +15 MPa is in excellent agreement with the (12-16) MPa obtained using 
the XRD method (section V.5.1). Of course, the residual stress values calculated from the 
analytical formulas depend significantly on the temperature that defines the stress-free 
Figure 5.36: Through-thickness profile of residual stresses at RT after deposition 
of coating. Specimen variants A3, A5 and A6 (CMSX-4/PWA 270). 
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state. A temperature of 1080oC from the last step of bond coat heat treatment was assumed 
in the present case (figure 3.6, 3.7).  
 
V.5.4. Modeling of residual stresses in two layer system (substrate + 
bond coat) at elevated temperature 
 
The change in residual stress related with thermal cycling can also be simulated for 
different temperature using the modified Eq. (26). Figure 5.37 presents the calculated 
residual stress distributions for different temperature of two layer system (substrate + bond 
coat). Obviously, the residual stresses decrease with increasing temperature, e.g. near the 
bond coat surface from +15 MPa (RT) to +3 MPa (HT) and near the interface 
BC/substrate from +74 MPa (RT) to +19 MPa (HT). Average residual stress values of 
bond coat and substrate as derived from measured curvature values are given in table 5.14. 
By definition the stresses disappear at 1080oC (stress free state). Considering 800oC as the 
Figure 5.37: Through-thickness profile of residual stresses at RT, 400oC, 600oC 
and 800oC during first heating. Specimen variants A3 (CMSX-4/PWA 270).  
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limiting temperature for thermoelastic behavior, the residual stress distribution at RT will 
be shifted to lower values, e.g. =bcs  30 MPa and =subs -13 MPa.  
Table 5.14: Average residual stress in bond coat and substrate of specimen variant A3. 
Specimen 
variant 
T, [oC] sbc, [MPa] ssub, [MPa] R
1
, [m-1] 
22 +45 -19 -2.45 
400 +26 -11 -1.2 
600 +18 -8 0.2 
A3 
800 +11 -5 3.57 
 
 
V.5.5. Modeling of residual stresses in three layer system (substrate + 
bond coat + ceramic top coat) at RT 
 
The average stresses of the three layer TBC system with PWA 286 bond coat were 
calculated for two different top coats (PVD-YSZ, APS-YSZ). The effect of substrate 
thickness on residual stress of PWA 286 and PVD-YSZ coating is shown in figure 5.38. 
The average residual stress in the substrate decreases from bond coat interface (tensile) to 
the free substrate surface (compressive). Moreover, the stress gradient changes with 
different substrate thickness. The slope increases as the substrate thickness decreases. 
Specimen variants with APS top coat (B5, B6 and B7) show opposite substrate stresses, 
(figure 5.39). A compressive stress is found near the interface with the bond coat, whereas 
close to the substrate surface the stress becomes tensile.  
Figure 5.38 and 5.39 display the stress distribution in each layer of the multilayer 
TBC system. This allows a direct comparison between coatings produced by the different 
deposition methods. The actual values depend significantly on the deposition temperature 
of the top coat. The deposition temperature of the PVD ceramic top coat is approximately 
1000oC, whereas for the APS top coat temperatures of about 250oC are common. As a 
result, the average tensile residual stresses in the bond coat of specimen B1, B3 and B4 
(+227 MPa, +207 MPa, +195 MPa) are higher than the stresses in the bond coat of 
specimens B5, B7 and B8 (+165 MPa, +172 MPa, +178 MPa). The interfaces are subject 
to additional large residual stress due to the presence of the TGO. The magnitude of the 
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stresses increases with the TGO thickness [148]. Neglecting the TGO effect reveals 
always compressive in-plane stresses in the ceramic top coat.  
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Figure 5.38: Through-thickness profile of residual stresses at RT after 
cooling from deposition temperature. Specimen variants B1, B3 and B4 
(CMSX-4/PWA 286/PVD-YSZ). 
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Figure 5.40: Through-thickness profile of residual stresses at RT after cooling 
from deposition temperature. Specimen variants B12, B13 and B14 
(Nimonic 90/PWA 270/PVD-YSZ). 
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Figure 5.39: Through-thickness profile of residual stresses at RT after 
cooling from deposition temperature. Specimen variants B5, B7 and B8 
(CMSX-4/PWA 286/APS-YSZ). 
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For the three layer TBC systems with EB PVD-YSZ top coat (figure 5.38) the average RT 
values of residual stress are -70 MPa, -83 MPa and –86 MPa. In comparison the 
respective residual stresses for the APS-YSZ top coat are lower, –36 MPa, -39 MPa and –
40 MPa. This compressive nature of the top coat residual stresses agrees with literature 
results [66, 116, 122] and can be explained straight forward. Since tca subbc ,aaá , 
compressive stresses develop in the top coat. The calculated compressive stresses near the 
top coat surface are by a factor of 2 lower than those measured by the XRD method 
(section V.5.2). Apparently, the bulk ceramic properties used for conversion of the XRD 
strain data into stresses are too high.  
In addition, the RT residual stress distribution of the specimen variants (B12, B13 
and B14) with Nimomic 90 substrate were determined (figure 5.40). A higher tensile 
residual stress is calculated for the bond coat (+274 MPa, +265 MPa , +260 MPa) for 
different substrate thickness. The compressive stresses of the PVD ceramic of specimen 
variants B12, B13 and B14 about (-84 MPa, -90 MPa and –92 MPa) are in good 
agreement with those calculated for the top coat of B1, B3 and B4 composite samples. 
Obviously, the residual bond coat stresses for EB-PVD (PWA 270) are higher than those 
for VPS (PWA 286) (figures 5.38-5.40).  
 
V.5.6. Modeling of residual stresses in three layer system (substrate + 
bond coat + ceramic top coat) at elevated temperature 
 
The residual stresses in the coatings and the substrate of the three layer TBC 
system were determined at different temperatures during the first cycle of thermal 
exposure. Figure 5.41 shows the calculated distribution of the residual stresses for variant 
B1 of the three layer TBC system. The compressive stress in the PVD ceramic top coat 
decreases by 40% with increase of temperature from RT to 800oC. There is clear trend that 
the high level of average tensile residual stress in the bond coat reduces by 40% with 
increase of temperature up to 800oC. No significant changes in the stress level of the 
substrate are observed. 
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Figure 5.41: Through-thickness profile of residual stresses at RT, 400oC, 
600oC and 800oC during first heating. Specimen variants B1 
   (CMSX-4/PWA 286/EB PVD-YSZ). 
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Figure 5.42: Through-thickness profile of residual stresses at RT, 400oC, 
600oC and 800oC during first heating. Specimen variants B5 
   (CMSX-4/PWA 286/APS-YSZ). 
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The residual stress distribution for the three layer composite with APS top coat 
(B5) is shown in figure 5.42. Again the compressive stress in the APS ceramic top coat 
decreases with increasing temperature. The decreases of the average tensile stress in the 
bond coat is larger than that for the results discussed above for EB-PVD top coat 
(approximately 64%). Both ceramic top coats (EB-PVD and APS) experience a reduction 
of compressive residual stress during heating up to 800oC. Average residual stresses in 
each coating and in the substrate are given in table 5.15. 
Table 5.15: Average residual stress in top coat, bond coat and substrate of specimen 
variants B1, B5 and B12. 
Specimen 
variant 
T, [oC] stc, [MPa] sbc, [MPa] ssub, [MPa] R
1
, [m-1] 
22 -69 +227 -21 3.11 
400 -54 +183 -17 3 
600 -49 +166 -15 2.43 
B1 
800 -40 +134 -13 3.91 
22 -36 +166 -31 -1.4 
400 -19 +112 -26 -0.6 
600 -12 +84 -22 -0.2 
B5 
800 -6 +60 -18 0.4 
22 -84 +274 -35 11.1 
400 -65 +211 -27 9.2 
600 -58 +184 -23 8.1 
B12 
800 -50 +163 -21 6.5 
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The decrease in residual stresses caused by thermal exposure for specimen variant 
B12 is show in figure 5.43. The compressive stress in the PVD ceramic top coat and the 
tensile stress in the PWA 270 bond coat are reduced by 40% if 800oC values are compared 
to those at RT. No significant changes of the residual stress level was found in the 
substrate. The residual stress in substrate are compressive and of low magnitude.  
The performance residual stress analyses reveal a strong influence of the thermal 
history of the thermal barrier system. The calculated tensile residual stresses in the PWA 
286 and PWA 270 bond coats varied over a wide range (between +11 and +274 MPa), 
depending on processing condition and coating deposition temperature. The higher level 
of tensile residual stress at RT for TBC system containing PWA 270 (EB-PVD) bond coat 
and EB-PVD top coat (specimen variants B12, B13 and B14) was found to be related with 
higher processing temperature. It is expected that the PWA 286 (VPS) bond coat exhibits 
a low tensile residual stress at RT. It should be noted that predicted tensile stress values 
for the both bond coat variants stay below than tensile yield strength of NiCoCrAlY alloy 
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Figure 5.43: Through-thickness profile of residual stresses at RT, 400oC, 
600oC and 800oC during first heating. Specimen variants B12 
   (Nimonic 90/PWA 270/EB PVD-YSZ). 
TC BC SUBSTRATE 
V. Results and discussion 
 148
value [114, 149] in the temperature range up to 800oC. Hence, which justifies that the 
calculations of stress-state in the multilayer component were carried out with linear elastic 
relationships.  
A strong difference in stress state between PVD and APS ceramic top coat was not 
recognized. However, it should be emphasized that the PVD ceramic top coat with lower 
residual stress is more failure tolerant than the APS top coat. Due to the lower in-plane 
stiffness of the columnar microstructure of the EB-PVD coating and the lower residual 
stress this coating has advantages which confirm results reported in to [106, 107, 150].  
The examined residual stress distribution of the multilayer TBC systems allows to 
conclude that specimen variants with CMSX-4 substrate, VPS (PWA 286) bond coat and 
EB-PVD (YSZ) top coat are more failure resistant during thermal exposure.  
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VI. SUMMARY and CONCLUSIONS 
 
 
The thermomechanical behavior of multilayer thermal barrier composites was 
characterized based on in-situ observation of the curvature behavior during thermal 
exposure up to 1000oC. Two layer specimens (substrate / bond coat) as well as three layer 
specimens (substrate / bond coat / top coat) were tested using composite materials with 
different substrate, different deposition method (VPS, EB-PVD, APS) of the coatings and 
different layer thickness. Curvature analysis in combination with standard mechanical and 
metallurgical studies provided insight in the temperature dependence of the thermoelastic 
parameters of bond coat and ceramic top coat. Moreover bond coat relaxation and changes 
of the bond coat towards phase equilibrium were recognized. Within the limits of 
thermoelastic behavior the through-thickness distribution of residual stresses was derived. 
The performed experiments and the developed improved theoretical analyses can be 
summarized with respect to specific advantages and thermal barrier relevant results as 
follows: 
 
§ An in-situ observation technique with a high resolution telescope system 
was applied successfully up to 1000oC for measurement of curvature during 
thermal cycling of multilayer thermal barrier coating systems.  
§ Thermoelastic relationships for multilayer composites were derived and the 
elastic modulus and coefficient of thermal expansion were determined 
simultaneously. Temperature and geometry dependent curvature data both 
thermal barrier coating systems with two and three layers were analyzed. A 
theory for bending tests in case of layered materials was adopted and 
applied to determine elastic modulus/stiffness of the coatings at RT.  
§ Based on curvature analysis and results from bending tests, the elastic 
modulus for PWA 286 and PWA 270 bond coats and the stiffness of PVD- 
and APS-YSZ ceramic top coats were determined as a function of 
temperature up to 800oC. For both coatings (BC and TC) lower values 
(»15%) than previous by reported in literature were found.  
§ The determined values of thermal expansion for PWA 286 and PWA 270 
bond coats were comparable to those reported in literature. NiCoCrAlY has 
the highest thermal expansion in the TBC multilayer system within the 
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temperature range of 400–800oC, but is also sensitive to the deposition 
method, i.e. higher for PWA 270 (EB-PVD) than for PWA 286 (VPS) bond 
coat. A stronger increase of CTE compared to the substrate was measured 
for both bond coats in the temperature range from 600oC to 800oC, which is 
reflected by a steeper increase of the experimentally measured curvature of 
the TBC system. The values of CTE for the PVD- and APS-YSZ top coats 
were found to be close and increasing with increase of temperature up to 
800oC.  
§ Relaxation effects of the bond coats were recognized above temperatures of 
»800oC. This temperature defines for the given bond coats, the applied 
temperature rate and the existing residual stresses a brittle to ductile 
transition. Moreover, the composition of phases changed differently with 
annealing at 1000oC. In “as-received” condition the two main phases g , b  
were in a volume ratio of about 0.65 for PWA 270 bond coat and in a 
volume ratio of about 0.8 for PWA 286. Additionally, a small amount of 
NiY –intermetallic precipitates in the PWA 270 bond coat and precipitates 
with high Cr content in PWA 286 were identified. No change in the 
fraction of the phases was observed in PWA 270 microstructure after two 
thermal cycles. In contrast, the results from “heat-treated” PWA 286 bond 
coat revealed changes of phase content of g  and b  phases. After three 
thermal cycles up to 1000oC the amount of g  phase increased by 10% and 
the b  phase was less by a respective amount. The behavior was attributed 
to a non-equilibrium state of the bond coat phases in “as-received” 
condition.  
§ Based on the derived theoretical relationship the residual stresses were 
determined at RT as well as at elevated temperature for the individual 
layers and compared with experimental data measured by the XRD method 
at RT. Good agreement could be established in the two layer system 
(substrate + bond coat) and fair agreement existed in the three layer system. 
Through thickness residual stress profiles of the different TBC system were 
calculated and discussed in terms of optimizing the failure tolerance. The 
variations in stress state for different TBC systems could be mainly 
attributed to the temperature history of the specimens.  
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Outlook: 
With the increasing demand for operation of advanced gas turbines at higher 
temperature, the need for the better understanding of the thermoelastic/plastic behavior of 
multilayer thermal barrier system increases too. In particular, the mutual influence of the 
layers with respect to residual stresses requires methodologies, which allow testing the 
material composite in the actual multilayer geometry and predicting the thermoelastic 
response under thermal loads. 
A key message of the present work is the sensitivity of the bond coat to the thermal 
history of the thermal barrier system. Definitely this aspect needs to be more considered 
for future material improvement. 
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Figure A.1: The development of curvature during two 
thermal cycles of specimen variant A2. 
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Figure A.2: The development of curvature during two 
thermal cycles of specimen variant A5. 
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Figure A.3: The development of curvature during two 
thermal cycles of specimen variant A6. 
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Figure A.4: The development of curvature during two 
themal cycles of specimen variant B3. 
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Figure A.5: The development of curvature during two 
thermal cycles of specimen variant B7. 
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Table B.1: CTE of the PWA 270 bond coat from curvature analysis, [ppm]. 
 
Temperature, [oC]  
Cycle 
 
Cross  500 600 700 800 
A3&A4 14.4 15.0 16.0 17.6 
A4&A5 14.4 15.0 15.9 17.7 
 A3&A5 14.4 15.0 16.0 17.6 
  
cooling A3&A4 15.0 15.7 16.2 17.5 
A3&A4 14.1 15.2 16.2 17.1 
A4&A5 14.1 15.3 16.2 17.0 
 A3&A5 14.1 15.4 16.0 17.0 
 
cooling A3&A4 14.0 15.4 16.2 16.9 
 
 
 
 
Table B.2: Elastic modulus of the PWA 270 bond coat from curvature analysis, [GPa]. 
 
Temperature, [oC]  
Cycle 
 
Cross  500 600 700 800 
A3&A4 125 119 89 77 
A4&A5 123 116 96 77 
 A3&A5 121 118 91 77 
 
cooling A3&A4 135 111 100 78 
A3&A4 123 90 82 70 
A4&A5 118 110 84 80 
 A3&A5 119 100 86 71 
 
cooling A3&A4 130 120 114 98 
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Table B.3: CTE of the EB-PVD top coat from curvature analysis, [ppm]. 
 
Temperature, [oC]  
Cycle 
 
Cross  400 500 600 700 800 
B1&B3 - 10.1 10.3 10.3 10.7 
B3&B4 - 10.5 10.5 10.5 10.2 
 B1&B4 - 10.2 10.2 10.3 10.6 
 
cooling B1&B3 - 10.2 10.5 10.6 10.7 
heating B1&B3 10.3 10.4 10.4 10.5 10.6 
 
cooling B1&B3 10.0 10.4 10.6 10.5 10.7 
 
 
 
 
 
Table B.4: Stiffness of the EB-PVD top coat from curvature analysis, [GPa]. 
 
Temperature, [oC]  
Cycle 
 
Cross  400 500 600 700 800 
B1&B3 - 18 15 17 18 
B3&B4 - 20 17 17 16 
 B1&B4 - 18 15 17 18 
 
cooling B1&B3 - 17 14 15 16 
heating B1&B3 23 15 16 16 16 
 
cooling B1&B3 19 15 16 16 14 
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Table B.5: CTE of the PWA 286 bond coat from curvature analysis, [ppm]. 
 
Temperature, [oC] Cycle Cross  
400 500 600 700 800 
heating A1&A2 13.2 13.6 14.3 15.3 15.9 
 
cooling A1&A2 13.7 13.9 14.4 15.1 15.7 
heating A1&A2 13.1 13.5 14.1 14.8 15.7 
 
cooling A1&A2 13.0 13.5 14.2 14.8 15.7 
 
 
 
 
 
Table B.6: Elastic modulus of the PWA 286 bond coat from curvature analysis, [GPa]. 
 
Temperature, [oC]  
Cycle 
 
Cross  400 500 600 700 800 
heating A1&A2 151 144 136 134 126 
 
cooling A1&A2 152 149 138 125 128 
heating A1&A2 155 138 145 124 111 
 
cooling A1&A2 150 138 133 124 115 
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Table B.7: CTE of the APS top coat from curvature analysis, [ppm]. 
 
Temperature, [oC]  
Cycle 
 
Cross  500 600 700 800 
B5&B7 10.2 10.3 10.4 10.6 
B7&B8 10.1 10.5 10.5 10.6 
 B5&B8 10.1 10.4 10.4 10.6 
B5&B7 10.2 10.3 10.4 10.6 
B7&B8 10.1 10.3 10.5 10.6 
 
 B5&B8 10.2 10.3 10.4 10.5 
 
 
 
 
 
 
Table B.8: Stiffness of the APS top coat from curvature analysis, [GPa]. 
 
Temperature, [oC]  
Cycle 
 
Cross  500 600 700 800 
B5&B7 24 23 22 19 
B7&B8 24 25 23 19 
 B5&B8 24 23 23 19 
B5&B7 27 26 24 20 
B7&B8 27 27 24 19 
 
 B5&B8 27 26 24 19 
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